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V 
Mined-land reclamation practices in shrub-steppe ecosystems can be 
augmented by planting seedlings of locally dominant shrubs, e.g., 
mountain big sagebrush. Dispersion pattern could affect sagebrush 
performance by influencing amounts of windborne snow, soil and litter 
which accumulate around shrubs and by influencing water withdrawal by 
roots. Mountain big sagebrush seedlings were planted in plots on a 
reclaimed coal strip mine in two dispersion patterns: singly and in 
clumps of four at the same overall density. 
Performance of mountain big sagebrush w~s monitored during two 
growing seasons. Measures included plant survival, end-of-growing 
season aboveground biomass, leaf water potential components, soil water 
potential, twig and ephemeral leaf survival and reproductive 
allocation. Most measures of performance were similar for single and 
clumped plants. However, single plants had a greater twig elongation 
rate than clumped plants, and .roots of plants in clumps removed less 
soil water to 50 cm than roots of single plants. 
In order for shrub dispersion pattern to affect plant performance 
via differential snow, soil or litter accumulation, the plants would 
have to respond to the added resources, probably water and nitrogen. 
vi 
An experiment was conducted to test if a small extra increment of water 
and nitrogen would affect mountain big sagebrush plants. The same 
plant performance indices listed above were monitored. The added water 
and nitrogen, either alone or in combination, had no effect except on 
reproduction. In 1983, there was a significant water* fertilizer 
interaction observed for some of the reproductive metrics, while in 
1984 there was a significant water effect. While a significant main 
effect of nitrogen was expected under the prevailing wet conditions, 
the large reservoir of soil nitrogen evidently provided sufficient 
nitrogen. Reproduction was more sensitive to added water and nitrogen 
resources than was vegetative growth. 
The nearly equal performance of mountain big sagebrush in the two 
dispersion patterns may have resulted from several factors. Water 
availability to the experimental shrubs was very high throughout the 
study due to abnormally heavy precipitation and to removal of weeds 
from the plots. During drier years, dispersion pattern may have greater 
influence on the shrubs. 
(10 6 pages) 
CHAPTER I
STATEMENT OF THE PROBLEM 
! 
I \ 
2 
STATEMENT OF THE PROBLEM 
The western United States has long been exploited for its abundant 
natural resources. The land has been used for dryland and irrigated 
farming, grazing, mineral development, recreation, transportation 
corridors and human settlement. Attendant with these activities are 
disturbances to the landscape which often create substantial 
environmental problems both locally and on a wider scale. 
The pace of mineral development has fluctuated considerably in 
recent years, particularly for coal, oil and natural gas. Large tracts 
of land have been and will be disturbed, most notably due to surface 
mining. 
Federal and state statutes and regulations now generally require 
that lands subjected to mining disturbances be reclaimed in some 
manner. Surface coal mining comes within the scope of the Surface 
Mining Control and Reclamation Act of 1977. This federal statute and 
its accompanying regulations contain numerous provisions regarding 
mined land reclamation but among the most is the 
requirement to establish on all lands disturbed by mining: 
/\ 
"a diverse, effective and permanent vegetation cover of the same 
seasonal variety native to the area of land to be affected and 
capable of self~regeneration and plant succession at least equal 
in extent of cover to the natural vegetation of the area." 
(United States Congress 1977) 
Most states which have surface minable coal deposits have their own 
legal requirements for reclamation of mined lands. Several states, 
including Wyoming, have reclamation requirements which are more 
stringent in some ways than the federal requirements. 
Thus, surface coal operations in the United States are faced with 
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the problem of reclaiming mined lands. East of the Rocky Mountains 
there is generally adequate precipitation and topsoil to accomplish 
this task relatively easily. However, in the Rocky Mountains and 
Intermountain West, the typically low, unpredictable precipitation and 
often poor soils make land reclamation a much more difficult 
undertaking. Direct seeding is a high-risk venture, unless a large 
capital investment in an irrigation system is made (McKell 1978). 
Sometimes adequate supplies of suitable quality water are not readily 
available. Successful establishment of plants from seeds in the field 
probably requires the simultaneous and/or sequential occurrence of 
critical environmental conditions, especially sufficient soil moisture 
available at the appropriate phenological periods. Such occurrences in 
the Intermountain West are relatively rare. 
Attempts have been made to circumvent this problem by planting 
containerized plant materials on disturbed sites (see Tinus 1974 for a 
review). This procedure is more costly than direct seeding but it 
reduces the risk of failure, and it can reduce the time interval 
required for the reclaimed land to attain a vegetal cover and diversity 
similar to that which existed prior to mining. Containerized shrubs 
have been used widely over the last 20 yr mostly on transportation 
rights-of-way, for reforestation and, more recently, for mined land 
reclamation. 
Studies of transplanted shrub performance in relation to 
dispersion pattern would have obvious practical value to reclamation 
specialists in government and private industry. In addition such 
studies would advance the theoretical bases of plant establishment, 
growth and reproduction in arid areas. The literature contains a 
4 
number of observational studies on arid plant performance in natural 
plant communities. However, controlled, experimental studies of plants 
under arid field conditions are uncommon. 
Previous research has indicated that both mortality and various 
measures of plant growth are inversely related to plant density. This 
has been shown in numerous experiments performed on trees and annual 
crops and/or weeds (Harper 1977). In these contexts, the effects of 
clumping have received rather little attention. In deserts, the 
conventional wisdom, as propounded by Shreve (1942) and Went (1955), is 
that shrubs are widely spaced at regular intervals as a result of 
competition for water. 
The question of how and why plants are spatially distributed in 
arid lands has been debated in the "pattern" literature and recently 
reviewed by MacMahon & Schimpf (1981). In spite of numerous studies, 
it is not clear if shrub populations tend to change their dispersion 
patterns in a predictable way over time, although there is some 
evidence to suggest a trend from clumped to random distributions. 
Thus, while it is plausible to assume that desert shrubs are generally 
water-limited, that they compete for this resource and their pattern of 
distribution reflects this history of competition, the pattern data 
available do not unequivocally demonstrate this. 
Several investigations have been conducted to more directly assess 
the role of competition in determining the survival and growth of 
desert plants. Friedman (1971) investigated the survival of Artemisia 
herba-alba seedlings in the Negev Desert. Percentage mortality of 
planted Artemisia seedlings varied inversely with the distance of the 
seedling to the nearest adult Zygophyllum dumosum. Growth of the 
5 
seedlings was considerably suppressed at distances of 50-100 cm at all 
times during the experiment and at up to 200 cm at some times. 
Naturally occurring Artemisia seedlings growing .near adult Zygophyllum 
shrubs suffered no mortality but did have their growth suppressed by 
adjacent Zygophyllum individuals up to 170 cm distant. Also in the 
Negev, Friedman & Orshan (1975) found that although 85% of the achenes 
of Artemisia herba-alba fell under the canopy of the adult plants, 
seedling emergence in the undercanopy area was sparse. Mortality rate 
was much higher under the adult plant canopy than adjacent to it. This 
mortality occurred during the dry summer period and was thought to be 
due to competition for water. Sheps (1973) studied survival of Larrea 
tridentata in Death Valley, California. She found that both seedlings 
and transplants of Larrea soon died if they were located close to adult 
Larrea individuals with some survival observed for seedlings and 
a,,f-
transplants which were some distance away from the adult. However, she 
/I 
also observed that survival of Larrea under "optimal" greenhouse 
conditions was comparable to that seen in the field. The addition of 
fungal-infected desert soil to Larrea seedlings improved their survival 
in both the field and the greenhouse, suggesting a possible mycorrhizal 
effect. Fonteyn & Mahall (1978) utilized several levels of plant 
removal and measured the xylem water potentials of remaining Larrea 
tridentata and Ambrosia dumosa in the Mojave Desert of California. 
Plant water potential data indicated that during the drying cycle after 
a 60 mm summer rain, the plants were competing for water. 
Variance:mean data for the plots prior to plant removal showed Larrea 
to be regularly distributed while Ambrosia was clumped. Ehleringer 
(1984) performed removal experiments in the Sonoran Desert and found 
• 
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that Encelia farinosa responded to the removal of neighboring plants by 
increasing leaf water potential, increasing leaf conductance and 
increasing leaf area relative to controls. 
A common thread running through these and other studies of plant 
pattern, establishment and growth is that increased density has a cost, 
namely increased competition for some environmental resource, typically 
water, but that neither increased density nor increased aggregation has 
any benefit for shrubs. There are circumstances under which increased 
density and/or increased clumping may have benefits to shrubs due to 
microsite amelioration caused by relatively closely-spaced individuals. 
Such plants or groups of plants may be more effective than more widely 
spaced plants at trapping blowing snow. 
Models of marginal costs and benefits with regard to plant water 
relations for small and large mountain big sagebrush plants in relation 
to interplant distance appear in Figure I-1. The marginal cost curves 
reflect the lateral distribution of small roots(< 3 mm in diameter) in 
the upper 60 cm of the soil profile using data from Sturges (1977). 
Thus, two shrubs spaced a short distance apart would incur high costs 
in their water economies because of greatly overlapping root systems. 
The marginal benefit curves reflect the amount of snow deposited within 
the rooting radius of a shrub. 
From the standpoint of plant water relations, the most favorable 
situation would not occur when adjacent shrubs were separated by large 
distances. The optimal interplant distance would depend on shrub size, 
increasing as the shrubs increase in size. 
Accumulation of organic matter under shrubs should lead to a 
richer, more porous soil, leading in turn to more favorable moisture 
7 
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Figure I-1. Models relating costs and benefits in relation to dis-
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individuals. Model (a) pertains to small plants with 
heights and canopy diameters of about 0.2 m; model (b) 
pertains to large plants with heights and canopy dia-
meters of about 0.5 m. Benefits are shown by dashed 
lines, and costs are shown by solid lines. 
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relationships and more nutrients turning over at faster rates. 
Likewise, animal actitivies could affect plant performance in many 
ways. However, none of these factors has been included in the 
aforementioned models. 
CHAPTER II 
WATER RELATIONS, ABOVEGROUND GROWTH, AND PHENOLOGY 
OF ARTEMISIA TRIDENTATA SSP. VASEYANA 
IN RELATION TO DISPERSION PATTERN 
10 
INTRODUCTION 
Shrubs in arid . environments commonly grow in clumps (MacMahon & 
Schimpf 1981 ). This could arise from limited seed dispersal ability, 
causing recruitment to be concentrated near the maternal parent plants 
(Friedman & Orshan 1975). Alternatively, the clumps could develop in 
microsites where resources such as water and nutrients are concentrated 
(Waisel 1971; Barbour, MacMahon, Bamberg & Ludwig 1977). It is also 
possible that clumps of shrubs could improve their local environmental 
conditions by trapping blowing snow, airborne particulates or by 
serving as foci for animal activity. 
If clumps of shrubs develop largely from limited seed dispersal, 
the clumps should be transient, with dispersion changing to a more 
random or even regular pattern over time. Closely spaced plants would 
succumb from the effects of competition more rapidly than shrubs spaced 
further apart. Efforts to detect changes in pattern with increasing 
shrub size or age or on very low precipitation sites in hot deserts 
have produced mixed results (e.g., Beals 1968; Woodell, Mooney & Hill 
1969; Anderson, Jacobs & Malik 1971; Barbour & Diaz 1973; Malik, 
Anderson & Myerscough 1976; Philips & Mac Mahon 1981). Perhaps, this 
is not surprising in view of the lack of control over local variations 
in soil moisture (Greig-Smith & Chadwick 1965). 
The results of manipulative · experiments indicate that plants in 
hot deserts can compete with their neighbors for water. Fonteyn & 
Mahall (1978, 1981) found in their removal experiments in the Mojave 
Desert of California that plants which had their neighbors removed had 
more positive xylem water potentials than control plants. Robberecht, 
11 
Mahall & Nobel (1983), also using removal experiments in the Mojave 
Desert, found that Hilaria rigida individuals with their conspecific 
neighbors removed had more positive leaf water potentials plus greater 
leaf conductances, and greater above- and belowground biomass 
production than control individuals. Ehleringer (1984) removed the 
neighbors from Encelia farinosa individuals in the Sonoran Desert of 
Arizona and found that these Encelia plants responded with improved 
water relations, growth and reproduction relative to control 
individuals. 
It is unclear if the above results apply to cool semi-deserts, 
such as the Great Basin. Here, annnual precipitation is typically 
t, 
greater, and potential evapotranspiration is lower than in the Mojave 
or Sonoran Deserts. Most precipitation in the Great Basin falls as snow 
which is considerably redistributed by prevailing winds and, at least 
in some locations, tends to accumulate around shrubs. In this region, 
clusters of shrubs may result from a combination of topographic 
position and the shrubs themselves causing substantial amounts of 
snow to accumulate. 
If true, this could have major implications for reclamation of 
drastically disturbed land in the Great Basin. Highly variable and 
generally low precipitation can make direct seeding very risky unless 
it is accompanied by costly irrigation (McKell 1978). An alternative 
approach is to plant clusters of shrub seedlings in sites where snow is 
expected to accumulate due to topography. Enhanced snow deposition in 
and around clumps of shrubs could lead to more favorable water 
relations, a longer growing season, faster growth and greater survival 
compared to widely-scattered shrubs. 
12 
METHODS 
The study site was located at the Pittsburgh & Midway Coal Mining 
Company's coal strip mine near Kemmerer in southwestern Wyoming. The 
site was stripmined in the late l 970's, later backfilled and regraded. 
The original topsoil, which had been stockpiled nearby, was reapplied 
to a depth of 10-20 cm in August 1981. It is likely that disturbance 
of the site during topsoil removal, stockpiling and reapplication 
greatly reduced spatial variation in soil properties such as nutrient 
content and texture. Islands of fertility (Garcia-Moya & McKell 1970) 
which may have existed on the site prior to mining were eliminated; 
thus, the experimental shrubs experienced a relatively uniform soil 
environment. 
The site elevation was 2210 m, and the mean annual precipitation 
from 1951-1980 at the town of Kemmerer, about 15 km east of the study 
site, was about 230 mmJ about half of which falls as snow (National 
Oceanic & Atmospheric Administration 1982). The experimental plots 
were located on a gentle east-facing slope. 
The local vegetation is included in the western Intermountain 
sagebrush steppe type (West 1983) with woody Artemisia species as the 
dominant plants. Winters are long and severe. The growing season for 
A. tridentata ssp. vaseyana in this locale lasts from late May to mid-
August. 
!:_ tridentata ssp. vaseyana was selected as the experimental shrub 
because in southwestern Wyoming it forms clumps which can collect 
substantial amounts of snow (A. T. Carpenter, personal observation). 
It is abundant locally and dominates 20 million acres of US rangeland 
• 13 
(Beet le 1960). 
Achenes of A. tridentata ssp. vaseyana were collected adjacent to 
the site in 1980 and sown in plastic tubes in a greenhouse in early 
1981. The resulting seedlings were thinned to one plant per tube and 
periodically watered and fertilized during the 1981 growing season. The 
plants were kept outdoors over the 1981-82 winter and transplanted at 
the study site on 8 May 1982. At out planting, each shrub received 
1 1 of water, but none of the plants were artificially watered 
subsequently. By the end of the 1984 growing season, some of the 
transplants had attained the 5 dm height typical of mature mountain big 
sagebrush individuals growing nearby in native stands. 
The big sagebrush transplants were planted either individually 
(clumps of 1) or in clumps of four. There were three replicates each 
of the clump-1 and clump-4 plots. Within each clump-I plot, forty-nine 
individuals were situated in a grid pattern with an interplant distance 
of 1.3 m along the main grid axis. Within each clump-4 plot, the 
distance between plants within a clump was o.4 m, and the clumps were 
2.6 m apart center to center (Figure II-1). The overall density in the 
clump-I and clump-4 plots was the same, namely 0.6 plants m- 2• The 
means reported refer to treatment means averaged over the three 
replicates, and incorporate data only for the interior plants in each 
plot. 
Because of their great size range, seedlings were separated into 
groups of large, medium and small plants prior to transplanting. Plant 
material for each treatment was randomly drawn from each of the three 
gtoups for the three replicates, respectively. Thus, the experiment 
was blocked by initial plant size. The plots were randomly assigned to 
14 
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Figure II-1. Schematic for clump-1 and clump-4 plots. (a) Plot 
layout in the field showing lack of interspersion; 
(b) Dispersion patterns used in clump-I (top) and 
clump-4 ( bottom) plots. "Cell" dimensions are 1.3 
by 1.3 m. Plant spacing within clumps of 4 = 0.4 m. 
Each "x" denotes one shrub. 
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positions in a long, rectangular strip of land. The randomization 
resulted in complete segregation of the treatment replicates (Figure 
II-1). Hurlbert (1984) argued that such designs lack inte~spersion and 
should not be subjected to inferential statistical analysis. I have 
followed his suggestion. 
All of the plots were weeded regularly to eliminate potentially 
confounding effects of differential weed density. 
During the summers of 1983 and 1984, soil water potential at 20 
and 50 cm depths under four plants in each plot was determined using 
soil thermocouple psychrometers (Merrill Specialty Equipment, Logan, 
Utah) installed in 1982. Also, two pairs of psychrometers were 
installed at the same soil depths between adjacent plants (clump-1) or 
between adjacent clumps (clump-4) in each plot. Measurements were made 
at dawn. Water potentials were calculated using a computer program 
which compensates for variable psychrometer correction coefficients, 
zero offsets and soil temperatures (Brown & Bartos 1982). 
Midday leaf xylem pressure potential was measured in 1983 using a 
pressure chamber (PMS Instruments, Corvallis, Oregon). Two ephemeral 
leaves from each sampled plant were plucked from the upper portion of 
the plant canopy and immediately placed in a small plastic bag. After 
all the samples (n:o:6 per plot) had been collected, they were 
immediately analyzed with the pressure chamber. Tests using leaves kept 
in small bags showed that leaf ·xylem potentials declined by about 0.4 
MPa after 2 hr, the maximum time required to analyze all the leaves of 
one sampling period. The order of sample analysis was random so the 
decline in xylem potential would not introduce a treatment bias. 
Single leaves rather than twigs with ·attached leaves were used so as 
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not to cause alterations in shrub architecture or production. The use 
of single leaves proved to be unsatisfactory because they broke 
frequently, and because the collection of only two leaves per shrub 
lead to large variation in xylem potential means. Increasing the 
number of subsampled leaves in each shrub would have reduced this 
problem, but would have required too much time. 
In 1984, predawn and midday leaf water potentials were measured 
using leaf thermocouple psychrometers. From four-six ephemeral leaves 
were plucked from the top of each sample plant canopy (n=6 per plot) 
then quickly sealed inside a leaf psychrometer chamber. After a 2-hr 
equilibration period in an insulated water bath, the microvolt output 
of each psychrometer was recorded. The psychrometers were then frozen 
in liquid nitrogen, thawed in a bucket of water and placed in the 
water bath for another 2 hr. The microvolt output of each psychrometer 
was again recorded. Total water potential and osmotic potential were 
calculated using data from fresh and thawed leaf samples, respectively. 
The osmotic potentials were corrected for dilution of the symplastic 
water by apoplastic water by dividing each osmotic potential by 0.90, 
the average symplastic water fraction which was obtained from pressure-
volume curves. The difference between a sample's total water potential 
and corrected osmotic potential was considered to be a measure of leaf 
turgor potential. 
About a month after outplanting, the total aboveground mass of 
each of the big sagebrush transplants was estimated using the reference 
unit method (Andrew, Noble & Lange (1979); Andrew, Noble, Lange & 
Johnson (1981); Appendix) This procedure was repeated at the end of 
the 1982, 1983 and 1984 growing seasons. The phytomass estimates were 
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transformed to natural logarithms and the average relative growth rates 
for the three growing seasons were calculated (Hunt 1978). 
Survival of all of the shrubs in each plot was assessed at least 
twice annually. Shrubs which contained any evident living tissue were 
counted as alive. 
During the 1983 and 1984 growing seasons, twig lengths were 
sampled on sixteen plants in each of the experimental plots. In 1983, 
three twigs were selected in a stratified random manner, one twig 
. located on the east, west and south side of each plant. The selected 
twigs were tagged with 2-cm lengths of different colored insulated wire 
so each twig could be followed over the growing season. At 
approximately weekly intervals, the distance from the base of the twig 
to the base of the most distal growing point was measured to the 
nearest mm. Twig death was recorded if all the leaves on a tagged twig 
were brittle and dry. In 1984, a similar sampling program was followed 
but with an added feature. On 20 June, five additional twigs were 
tagged on the four plants in each plot under which thermocouple soil 
psychrometers were buried. Lengths of the supplemental twigs were 
measured approximately weekly in the same fashion just described. 
On the same dates the twig lengths were measured in 1983 and 1984, 
twig phenology was assessed on the same twigs using a scale modified 
from DePuit & Caldwell (1973). 
When the twigs were first -tagged in 1983, the most distal, fully-
expanded ephemeral leaf on each twig was tagged with a 2-cm length of 
fine brass wire. The leaves were gently folded and a loop of wire was 
slipped over each leaf. Because of the obtriangular shape of the big 
sagebrush leaves, the loops showed very little tendency to slide off 
18 
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once they were in place. During the weekly twig measurement and 
phenology scoring, the leaves were recorded as alive or dead. Leaves 
which carried a wire tag and which were deep green and flexible were 
considered alive; brittle, gray-green leaves were considered dead. In 
the few instances when a wire tag was missing, the leaf was counted as 
dead. 
During both years, meteorological data were collected at a weather 
station located about 300 m from the study site. 
RESULTS 
Differences between the clump-I and clump-4 soil water potential 
means under plants both at the 20 and 50 cm depths were generally small 
during 1983 (Figure II-2). There was no clear tendency for the clump-I 
means to be more negative or positive than the clump-4 means. 
Differences in soil water potential between the clump-I and clump-
4 plots were less at 50 cm than at 20 cm (Figure II-2). On most 
sampling dates, the soil water potential means at 50 cm were greater 
those at 20 cm, regardless of clump type. Mean values of soil water 
potential under plants never dropped below -1 •. 22 MPa, and for much of 
the season were greater than -1.0 MPa. 
Soil water potentials in the interspaces of the clump-I and clump-
4 plots during 1983 were very similar to those under plants at both the 
20 and 50 cm soil depths until 6 July (Figure II-2). Thereafter, the 
soil water potential in the clump-4 plots decreased only slightly while 
those in the clump-I plots decreased more precipitously. 
The leaf xylem pressure potentials behaved somewhat differently in 
the clump-I and clump-4 plots although there was no consistent trend 
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evident (Figure I I-3). 
During 1984, soil water potential under plants in the clump-4 
plots generally equaled or exceeded that in the clump-1 plots at 20 cm 
while the reverse was true at 50 cm (Figure II-4 ). Soil water 
potential at 20 cm was less than that at 50 cm in both the clump-1 and 
clump-4 plots. 
Soil water potential in the interspaces between plants in the 
clump-1 plots was nearly always lower than in the clump-4 plots (Figure 
II-4). During July, the difference between clump-1 and clump-4 soil 
water potential increased at both soil depths. 
Both predawn and midday total leaf water potential during 1984 in 
clump-1 plots were slightly higher than in clump-4 plots (Figure II-5). 
Leaf water potential usually dropped from predawn to midday for both 
clump types, increasingly so until late July. Clump-1 plots did not 
exhibit consistently lower or higher daily change in leaf water 
potential than clump-4 plots. 
Leaf osmotic potential of clump-1 plants was consistently greater 
than those of clump-4 plants after 11 June (Figure II-5). There was no 
consistent difference in daily decline in osmotic potential or in 
predawn or midday turgor potential between the clump-1 and clump-4 
plots. There was no evident trend for daily decline in leaf turgidi .ty 
to increase seasonally. 
Survival declined immediately after outplanting (Figure II-6). 
Mortality resulted mainly from transplanting trauma and jackrabbit 
browsing and not from the effect of plant dispersion. 
At the end of the 1982, 1983 and 1984 growing seasons, the mean 
phytomass for the clump-1 plots consistently exceeded the mean for the 
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Table II-1. Initial and end-of-season aboveground phytomass of clump-1 
clump-4 plots for 1982-84. Means (g) + 1 S.E.M., n=3. 
Clump-1 
Clump-4 
Initial 
1982 
1.7 + 0.7 
1.3 + 0.4 
1982 
6.9 + 2.6 
5.2 + 1.4 
End-of-season 
1983 
100 + 31 
82 + 4 
1984 
230 + 78 
180 + 15 
Table II-2. Initial aboveground phytomass of each clump-1 and clump-4 
replicate. Means (g) + 1 S.E.M., n=25 (clump-l)or16 
(clump-4), referring to the number of plants sampled in 
each replicate. 
Replicate 
1 (large plants) 
2 (medium plants) 
3 (small plants) 
Clump-1 
2.8 + 0.2 
1.7 + 0.1 
0.5 + 0.1 . 
Clump-4 
1.9 + 0.3 
1.6 + 0.1 
0.5 + o.o 
Table II-3. Average relative growth rate of clump-1 and clump-4 plots 
for 1982-84. Means (year-1) + 1 S.E.M., n=3. For 
additional details regarding units, see text. 
Beginning of 198"2 End of 1982 End of 1983 
growing season- growing season- growing season-
end of 1982 end of 1983 end of 1984 
growing season growing season growing season 
Clump-1 1.3 + 0.1 2.9 + 0.2 0.8 + 0.1 
Clump-4 1.2 + 0.1 2.9 + 0.3 0.9 + 0.1 
\ ' 
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clump-4 plots (Table II-1). However, this occurred because the initial 
mean for the clump-1, large-plant replicate was considerably larger 
than the corresponding initial clump-4 plot mean (Table II-2). 
The use of average relative growth rate permits valid ~omparisons 
even though the initial mean phytomass values were unequal, thus 
eliminating any possible bias created by the existence of the larger 
plants in the clump-1, large-plant replicate. The average relative 
growth rates were calculated in the usual manner: RGR = (loge phytomass 
@ time 2 - loge phytomass @ time 1)/(time 2 - time 1). Calculations 
were made for the sixteen plants in each plot which were also sampled 
for twig elongation, phenology and leaf survival. These values were 
then averaged to give a mean for each plot. During this first year the 
initial phytomass estimates were made on 17 June; therefore, the 
phytomass estimates for 1982 reflect growth over only part of the 
growing season. The average relative growth rates for the first year 
are not comparable to the average relative growth rates for the 
subsequent two seasons. 
The average relative growth rates were very similar for the clump-
1 and clump-4 plots for all three years (Table II-3). Relative growth 
rate declined markedly from the 1983 to 1984 growing seasons. 
During 1983 and 1984, twig elongation was nearly always greater in 
the clump-1 plots (Figure II-7). In mid-June 1984, a supplemental 
cohort of twigs was tagged and the elongation followed. Elongation of 
the clump-1 twigs was again greater than the clump-4 twigs, but the 
difference was less dramatic than for the earlier cohorts of twigs. A 
larger proportion of the clump-4 twigs never elongated (failed to reach 
10 mm) compared to the clump-1 twigs in the earlier cohort, but this 
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Table II-4. Phenological stage of tagged twigs in clump-1 and clump-4 
plots in 1983. Percentages of twigs in each phenological 
stage. Phenological stage 2 • overwintering buds not 
elongating; 3 • twigs rapidly elongating in vegetative 
phase; 4 • floral buds developing. 
6 June 14 June 23 June 29 June 
Phenol. 
stage Clump-1 Clump-4 Clump-1 Clump-4 Clump-1 Clump-4 Clump-1 Clump-4 
Dead 0 0 0 1 0 1 0 1 
2 34 41 25 26 22 24 19 23 
3 66 59 75 73 78 75 81 76 
4 0 0 0 0 0 0 0 0 
6 July 13 July 21 July 27 July 
Phenol. 
stage Clump-1 Clump-4 Clump-1 Clump-4 Clump-1 Clump-4 Clump-1 Clump-4 
Dead 0 1 3 1 4 4 6 9 
2 16 22 13 22 13 19 11 16 
3 75 72 62 67 54 60 50 61 
4 9 5 22 10 29 16 33 15 
4 August 11 August 21 August 
Phenol. 
stage Clump-I Clump-4 Clump-I Clump-4 Clump-I Clump-4 
Dead 10 12 12 16 13 18 
2 9 13 8 12 7 11 
3 47 57 46 53 46 52 
4 34 18 34 18 34 18 
I ) 
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difference had only a small effect on twig elongation rate. The 
clump types were not very different in their phenological progression 
from dormant buds to rapidly elongating vegetative twigs to initiation 
of floral buds (Table II-4). As the 1983 season progressed, the 
proportions of twigs in the first three categories were fairly similar 
for the clump-! and clump-4 plots. However, the clump-! plots 
consistently had about twice as many twigs with floral buds developing 
as did the clump-4 plots. In 1984, the proportions of twigs in the 
various phenological stages were similar on each sampling date (Table 
II-5). 
Survival of tagged leaves in 1983 and 1984 was very similar 
between the clump-! and clump-4 plots (Figure II-8). 
DISCUSSION 
There were few differences in soil water potential attributable to 
clump type. Soil water potential appeared to be much more affected by 
depth of measurement and the presence or absence of recent 
precipitation. However, differences in soil water potential between 
the clump-! and clump-4 plots did develop in the latter half of the 
1983 and 1984 growing seasons. Soil water potentials at 20 and 50 cm 
were similar under plants and in the interspaces between plants in the 
clump-! plots. (Figures II-2, II-4). In the clump-4 plots, soil water 
potentials at 20 and 50 cm were 0.06 and 0.73 MPa higher in the 
interspaces than under shrubs on 18 August 1983. The corresponding 
values were 0.65 and 0.47 MPa on 14 August 1984. Clump-4 plant roots 
apparently extracted less soil water than the clump-! plants. Thus, 
considerable soil moisture between the clumps of four plants went 
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Table II-5. Phenological stage of tagged twigs in clump-! and clump-4 
plots in 1984. Percentages of twigs in each phenological 
stage. Phenological stage 2 = overwintering buds not 
elongating; 3 • twigs rapidly elongating in vegetative 
phase; 4 = floral buds developing. 
27 May 9 June 19 June 27 June 
Phenol. 
Stage Clump-! Clump-4 Clump-! Clump-4 Clump-! Clump-4 Clump-! Clump-4 
Dead 0 0 0 0 0 0 0 0 
2 94 89 69 62 35 40 22 32 
3 6 11 31 28 65 60 78 68 
4 0 0 0 0 0 0 0 0 
4 July 11 July 18 July 25 July 
Phenol. 
stage Clump-! Clump-4 Clump-! Clump-4 Clump-! Clump-4 Clump-! Clump-4 
Dead 1 1 2 2 3 6 6 10 
2 18 27 17 24 15 22 13 17 
3 80 72 79 74 76 69 71 63 
4 0 0 1 0 5 3 11 10 
5 August 14 August 
Phenol. 
stage Clump-! Clump-4 Clump-! Clump-4 
Dead 8 13 13 18 
2 10 13 7 10 
3 69 64 63 61 
4 13 10 17 10 
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unutilized by the shrubs both years. This is consistent with my 
observation that recruitment and initial growth of weeds was greater in 
the clump-4 plots compared to the clump-1 plots. 
Mountain big sagebrush roots within the perimeter of the clumps of 
four plants may have overlapped greatly. However, the plants did not 
fully compensate by extending root growth laterally into soil with high 
water potential. Rodriguez (1985) found that mountain big sagebrush 
individuals planted in the vicinity of my plots exhibited little 
lateral root growth, with most roots located within 30 cm of th~ plant 
center. In tember 1984, I excavated two isolated sagebrush shrubs 
which had been planted at the same time as the experimental plots. 
Soil was removed in 20 cm layers to a depth of 60 cm and outward to 1 m 
in one quadrant adjacent to each shrub. Visible roots were 
concentrated under each canopy, although an occasional root extended 
futher from the shrubs. Vertically, roots appeared to be most abundant 
r 
from 0-30 cm in the soil. Tabler (1964) and Sturges (1977) found that 
mountain big sagebrush roots were concentrated close to the plants, 
although the maximum lateral spread was about 1.5 m. Root competition 
for soil water within the clumps may have reduced or eliminated any 
benefit which those plants might have derived from snow trapping. 
Soil water potential declined together with leaf water potential 
over the summer of 1984, but there was no indication that clump-1 
plants behaved differently than clump-4 plants (Figure II-9). The 
correlation between leaf and soil water potential was higher for the 
large plants compared to medium and small plants. This may have 
resulted from more extensive and deeper roots in the larger plants, 
causing daily equilibrium between plant and soil at dawn to become more 
. \ 
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fully established. I The considerable scatter in the data contrasts with 
the results of Sal k , Lauenroth, Parton & Trlica (1981) who found a very 
close relationship between water potential in the wettest soil layer 
and predawn leaf ater potential. Perhaps, the 50-cm depth at which I 
measured soil wat i r potential was not always the wettest part of the 
soil profile. Branson, Miller & McQueen (1976) found that plant water 
potential in big agebrush was highly correlated with minimum soil 
water potential, but & Ii r under moist conditions factors other than 
soil 
they 
moisture app , ared to exert control over plant water potential. 
If differenc j s in soil-plant water relations were to materialize, 
would have little effect on production if the differences did not 
I 
substantially affect net carbon assimilation of big sagebrush. DePuit 
I 
& Caldwell (1973, I 1975) found that net photosynthesis in big sagebrush 
was strongly aff r cted by plant water potential. They found that net 
photosynthesis was much greater for plants in the "emergent new leaves" 
and "rapid veget ~tive growth" phenological stages than for the later 
stages of "reduced vegetative growth" and "reproductive shoots full 
I 
size". Thus, if r ajor differences in leaf water potential developed 
between clump-1 nd clump-4 big sagebrush plants after they had passed 
through the rapid vegetative growth phenological stage, little 
difference in sea onal production between the clump types should occur. 
Both soil ad leaf water potentials were higher than most values 
for big sagebrus l plant and communities published elsewhere. Branson, 
Miller & McQueen (1970,1976) recorded an average minimum growing season 
water potential /of -5.5 MPa in Montana; in semi-arid Colorado, they 
reported a growing season mean plant water potential of -3.6 MPa with a 
range of -2.0 to 6.5 MPa. Dina & Klickoff (1973) studied mountain big 
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Figure II-9. Soil-plant water relationship for clump-I and clump-4 
plots during May-August 1984. (a) Large-plant repli-
cates and (b) medium- and small-plant replicates. 
Clump-I data are denoted by open symbols, and clump-4 
data are denoted by closed symbols. 
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sagebrush near Salt Lake City, Utah, and found midday plant water 
potentials ranging from -4.3 to - 7 .O MP a in September after a two-
month dry period. Campbell & Harris ( 1977) studied big sagebrush in 
Washington during wet and dry years. In the dry year, plant water 
potential dropped from -1 MPa in spring to -6 MPa in summer with soil 
water potential declining to -7 MPa in summer. 
However, during wet years or under favorable toppographic 
circumstances, soil and leaf water potentials comparable to those 
recorded in this study have been reported. In their wet year, Campbell 
& Harris (1977) found that soil water potential stayed fairly constant 
around -2 to -2.5 MPa while plant water potential reached -3 MPa during 
summer. DePuit & Caldwell (1973) found that big sagebrush growing on 
level ground at a canyon mouth near Logan, Utah, had Fe'lJ summer 
water potential of -2.2 MPa after a growing season with above aveage 
precipitation. They also thought that topographic position might have 
caused extra amounts of surface or subsurface runoff to be available to 
the sagebrush plants. 
I attribute part of the lack of observed effects of clump type on 
soil or leaf water potential to the abundant precipitation during 1981-
1984 (Figure II-10). Three successive wet years probably meant that 
the soil profile was completely saturated to the maximum rooting depth 
of the big sagebrush plants at the beginning of the 1983 and 1984 
growing seasons. In addition, the elimination of weeds in the plots 
meant that some soil water which would have been transpired by the 
weeds was available to the big sagebrush plants. 
During monthly winter site visits, it was apparent that snow 
deposition patterns were highly variable among storms and between 
36 
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Figure II-10. Mean monthly precipitation at Kemmerer. Solid bars 
denote means for 1951-1980, and hatched bars denote 
means for 1982-1984. 
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years as has been observed in the Great Basin (West & Caldwell 1983). 
Heavy snows sometimes buried all sagebrush plants; the prevailing winds 
-to 
were not always conducive A forming snow drifts around the shrubs, 
regardless of clump type. 
The large amount of soil water which was evidently available to 
the plants prevented severe water stress from developing in mid-July. 
Precipitation which fell in July and August of both 1983 and 1984 may 
have further alleviated severe plant water stress during these months. 
Even when differences in water relations between plants with 
neighbors removed and control plants have been found in other 
studies, they have not always appeared rapidly. Robberecht, Mahall & 
Nobel (1983) found that significant differences in soil water potential 
did not develop until mid-August in the Mojave Desert even though the 
last precipitation event (a small one) occurred in early April. During 
that study, seasonal precipitation was about 50% higher than the long-
term mean of 240 mm, less than that at my site. On the other hand, 
Ehleringer (1984) observed differences between experimental and control 
plants only about a month after rains ceased, perhaps due in part to 
the thin soils (<20 cm) on his site. This compares to topsoil 10-20 cm 
thick and subsoil several meters deep at Kemmerer. 
During the summer of 1983, the longest "dry" period lasted from 5 
June to 16 August although numerous small rain showers, including an 8-
mm event on 2 July, occurred in that interval. During the summer of 
1984, the longest "dry" period ran from 7 June to 20 July, including an 
8 mm event on 9 July. Perhaps, it is not surprising that major 
differences in soil and leaf water potentials between clump types 
failed to appear. 
• 
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As the shrubs grew from 1982-84, the scale of snow trapping 
behavior may have changed. Tabler & Schmidt (1985) proposed that snow 
deposition around shrubs follows the relationship: S • H - 0.01 A o-1. 
Here, S = snow depth, Ha height of shrub above the ground, A• shrub 
surface area normal to the prevailing wind and D = shrub width or 
diameter. When the shrubs were small, canopies did not overlap even in 
the clumps of four. If plants in the clump-1 and clump-4 had about the 
same average heights and widths, the amount of snow trapped should have 
been about the same. 
However, by the end of 1983, each clump-1 plot could be regarded 
a large cluster. Shrub canopies in the clump-1 plots did not overlap, 
and shrub density was nearly optimal for snow trapping (Tabler & 
Schmidt 1985). On the other hand, plants in the clump-4 plots had 
dense, intermingled canopies. These clumps could be regarded as large 
single plants in terms of their snow trapping ability, but the clumps 
were not as wide as the summed widths of four single shrubs. Tabler & 
Schmidt (1985) also noted that dense canopies, as in the clumps of 
four, are less efficient snow trappers than more diffuse canopies, as 
in the clump-! plants. These factors could have reduced snow trapping 
in the clump-4 plots compared to the clump-1 plots in the winter of 
1983-84. 
From the standpoint of land reclamation, the large clusters 
(clump-1) and the small clusters (clump-4) seemed to be about equally 
effective in promoting shrub survival, growth and reproduction. It is 
possible that differences would manifest themselves in drier years or 
there would be effects not studied in this experiment. However, it 
seems unlikely that small, dense clumps of shrubs, as used here, would 
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be the most effec ve planting design. Larger clumps with greater 
internal shrub spacing may be more appropriate in a semi-arid, shrub-
steppe environment •• 
CHAPTER III 
SUPPLEMENTAL WATER AND NITROGEN FERTILIZER EFFECTS ON 
ARTEMISIA TRIDENTATA SSP. VASEYANA DURING THREE WET YEARS 
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INTRODUCTION 
Dispersion patterns of shrubs in desert and semi-arid areas have 
been used to assess the presence or absence of past competition (see 
MacMahon & Schimpf 1981 for a recent review). Studies of dispersion 
patterns have generally assumed that as interplant distance, on the 
scale of up to several canopy diameters, decreases, the degree of 
potential or actual competition increases. However, observations of 
big sagebrush dispersion patterns in the sagebrush steppe vegetation of 
southwestern Wyoming seem to contradict this. 
Here, dense "islands" of Artemisia tridentata ssp. vaseyana (Rydb.) 
Beetle, mountain big sagebrush, and Amelanchier utahensis Koehne, Utah 
serviceberry, can act as living snowfences, causing large amounts of 
wind-blown snow to be deposited within the islands. Vegetation just a 
few meters distant from the shrub islands can be virtually devoid of 
snow, a reflection of the strong, persistent winter winds which 
substantially redistribute snow (A. T. Carpenter, personal 
observations). In addition to trapping snow, these shrub islands 
probably also trap airborne organic matter, fine soil particles, 
mycorrhizal spores and may serve as foci for animal activity where 
burrowing and defecattng could enhance soil properties pertinent to 
plant growth. 
The shrub clumps could develop initially from mountain big 
sagebrush and/or Utah serviceberry individuals becoming established in 
locations favorable for trapping snow and other particles. A positive 
feedback loop could develop wherein the trapped snow and soil would 
promote additional growth which would lead to more trapped snow and 
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soil, completing the loop. Enhanced soil moisture status, resulting 
from the snow trapping, could promote shrub growth since water is 
commonly believed to be the factor most limiting to plant growth in 
arid and semi-arid areas. The trapping of blowing organic matter and 
soil fines and the deposition of animal feces could increase soil 
nitrogen concentration. When water is no longer limiting, nitrogen is 
generally regarded as the factor whose availability then limits plant 
growth in arid environ men ts ( Skuj ins 1981 ). In order for the 
hypothesized feedback loop to operate, the shrubs would have to respond 
to the extra water and/or other materials trapped by the shrub island 
with increased growth. 
One might think it obvious that shrubs in arid or semi-arid areas 
would respond to irrigation. However, reports in the literature are 
not unanimous in · this regard. Hodgkinson, Johnson & Norton (1978) 
found no response of shoot length, stem or leaf weight in Atriplex 
confertifolia, a common Great Basin shrub, to irrigation. MacMahon, 
Norton & Cappen (1976) likewise found no growth response in above- or 
belowground biomass of Atriplex confertifolia to either 2.5 mm added 
water per week or 25 mm added water per month during a dry summer in 
northern Utah salt desert vegetation. Romney, Wallace & Hunter (1978) 
conducted several experiments using supplemental water on Mojave Desert 
shrubs. They found effects of 23, 20 and 32 cm of irrigation water 
applied in 1968, 1969 and 1970; respectively, on the growth of three 
shrub species. However, two shrub species did not show any growth 
response to irrigation. These authors noted that the main effect of 
irrigation was to lengthen the growing season and that there appeared 
to be a plateau above which most shrubs did not respond to additional 
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water. 
Nitrogen fertilization has little effect on perennial plant growth 
in unirrigated, desert conditions (Skujins 1981). When water is added, 
though, growth response of some perennial species has been observed. 
In a two year study in northern Utah, James & Jurinak (1978) found that 
Atriplex confertifolia and Artemisia tridentata had variable responses 
to nitrogen fertilization. One year's application of fertilizer at a 
rate of 67 kg N ha-1 failed to produce any effect in either species. 
Another year's application of nitrogen fertilizer at the same rate 
produced greater tissue nitrogen concentration in Artemisia and greater 
shoot weight and tissue nitrogen concentration in Atriplex. This 
suggests luxury consumption of nitrogen by Artemisia. Hodgkinson, 
Johnson & Norton (1978) found no response of Atriplex confertifolia to 
water and nitrogen fertilizer. They opined that the failure to respond 
to the added nitrogen may have been due to the short period of 
favorable soil water potential rather than to nutrient availability. 
Bayoumi & Smith (1976) studied effects of ammonium nitrate on montane . 
vegetation in northern Utah. They found significant positive responses 
of twig growth, seed production and tissue nitrogen concentration in 
Artemisia tridentata and Purshia tridentata. Mean annual precipitation 
in the _study area was 406 mm, probably explaining the nitrogen response 
even without added water. Goodman (1973) applied ammonium sulfate 
fertilizer on salt desert vegetation in northern Utah. He found no 
significant growth response of the shrub species he tested to the 
fertilization, although he did find that fertilizer encouraged the 
growth of troublesome, exotic annuals. 
Thus, it appears that some shrub species in some locations respond 
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to supplemental water and/or nitrogen fertilization. I sought to 
determine if Artemisia tridentata ssp. vaseyana plants in southwestern 
Wyoming would show a growth response to added water or nitrogen under 
field conditions. 
METHODS 
This study was conducted at the Pittsburgh and Midway Coal Mining 
Company's coal strip mine located near Kemmerer in southwestern Wyoming 
in the western Intermountain sagebrush steppe vegetation type (West 
1983) at an elevation of 2210 m. The mean annual precipitation from 
1951-1980 at Kemmerer, about 15 km from the site and 100 m lower in 
elevation was 230 mm, about half of which falls as snow (National 
Oceanic & Atmospheric Administration 1982). 
The site was a reclaimed mine pit where the spoils had been 
backfilled and regraded in 1979 with original, stockpiled topsoil 
reapplied to a depth of 10-20 cm in 1981. The topsoil removal and 
redeposition resulted in the homogenization of soil nutrients, 
eliminating islands of fertility (Garcia-Moya & McKell 1970) which may 
have existed prior to mining. Thus, the site was ideal for plant 
growth experiments under field conditions. 
Seeds from !!_ tridentata ssp. vaseyana plants were collected 
adjacent to the site in the fall of 1980, refrigerated over the winter 
and planted in plastic Tube-Paks (Native Plants, Inc., Salt Lake City, 
Utah) in May 1981. The planting soil was a mixture of topsoil 
collected under several A. tridentata ssp. vaseyana plants, peat moss 
and sand in equal proportions by volume. The seedlings were grown in a 
greenhouse where they were frequently watered and periodically 
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fertilized. On 15 May 1982, the one year old individuals were 
transplanted to the study site, each plant receiving 1 1 of water. 
T~roughout the period of the study, a circular area 2 min diameter 
around each plant was regularly weeded. 
The experimental design was a completely randomized, two-factor 
factorial design with two levels of each factor. There were four 
treatments: control, added water, added nitrogen fertilizer and both 
added water and nitrogen fertilizer. One hundred forty-seven mountain 
big sagebrush individuals were planted 2.5 m apart in a regular grid 
pattern with each plant being an experimental unit. 
treatment was replicated thirty-six or thirty-seven times. 
Thus, each 
The water treatment plants received an additional 4 1 of water on 
29 May 1982, 26 May 1983 and 18 May 1984. A temporary soil berm was 
constructed around each plant receiving water to prevent runoff of the 
added water. Each of the fertilizer treatment plants received about 
1.15 g of commercial ammonium nitrate fertilizer (34-0-0) on the same 
dates as the added water. About 1 cm of soil was carefully removed 
within a radius of 10 cm around a plant, the fertilizer pellets 
sprinkled evenly in the cleared area, then the soil was replaced, thus 
covering the fertilizer. The water+ fertilizer plants received both 
of the above additions and the control plants received neither. 
On 17 June 1982, the the initial aboveground biomass of each of the 
experimental plants was estimated using the reference unit method 
(Andrew, Noble & Lange 1979; Andrew, Noble, Lange & Johnson 1981; 
Appendix). This procedure was repeated on 3 September 1982, 15 August 
1983 and 15 August 1984 to estimate end-of-season aboveground biomass 
in each of those years. The biomass data were analyzed for normality 
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using an algorithm in Minitab (Ryan, Joiner & Ryan 1982). The 1982 and 
1983 end-of-season biomass data were loge transformed to render them 
normal. Treatment differences were assessed using analysis of variance 
on the loge transformed data for 1982 and 1983 and on the 
untransformed data for 1984. Unless otherwise noted, biomass refers to 
aboveground plant parts only. 
At the beginning of the 1983 and 1984 growing seasons, twenty-five 
plants were randomly s~lected in each treatment. Three twigs on each 
plant were randomly selected and tagged with different colored wires. 
The growth of each marked twig was measured to the nearest mm at 
approximately weekly intervals each summer; the survival and 
phenological state of each of the tagged twigs was also recorded. On 7 
June 1983, one ephemeral leaf on each of the marked twigs was tagged 
with a small piece of 28 gauge wire, and the survival of each marked 
leaf was recorded on each sampling date. 
In 1983, leaf water potential of six plants in each treatment 
was measured approximately weekly. Two leaves were collected from each 
sampled plant and immediately placed in a small plastic bag. After all 
of the sampl°es had been thus obtained, leaf water potentials were 
immediately measured with a pressure chamber (PMS, Corvallis, Oregon). 
Tests using leaves kept in small bags showed that leaf xylem potential 
declined linearly by about 0.4 MPa after 2 hr, the maximum time 
required to analyze all of the leaves in one sampling period. The 
order of sample analysis was random so the decline in leaf xylem 
potential would not introduce a treatment bias. The water potentials of 
the two leaves in each sample were measured simultaneously and the mean 
value was used to calculate the overall mean for each treatment. The 
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samples were collected within 0.5 hr of 1400 hrs MDT when daily solar 
radiation loads, leaf-air vapor pressure differences and wind speeds 
were likely to be greatest. I anticipated that treatment differences 
were most likely to appear under these conditions. 
In 1984, leaf water potentials were measured with leaf 
psychrometers (Merril Specialty Equipment, Logan, Utah). Leaf samples 
from seven-nine shrubs in each treatment were collected predawn and at 
midday (1400 hours, MDT) approximately weekly. See the methods 
section of 
procedure. 
Chapter II for additional details of the sampling 
Precipitation and other meteorological data were measured at a 
field weather station located about 300 m from the study plot. 
Statistical significance among treatments is at the P = 0.05 level 
except as noted. 
RESULTS 
End-of-season biomass means for 1982, 1983 and 1984 were not 
significantly different among treatments (Table 111-1). The mean value 
for the water+ fertilizer treatment was consistently the highest, but 
this was probably an artifact of that treatment having the largest 
initial biomass at outplanting. Although average relative growth rates 
were quite different over the three years of the study, differences 
among treatments were not significantly different (Table III-2). 
During 1983, the water + fertilizer plants had the maximum 
elongation rate during June and early July; thereafter, the control and 
water + fertilizer treatments had maximum rates (Figure 111-1). 
However, no significant differences existed among the treatments on any 
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Table 111-1. Total aboveground biomass of watered and fertilized 
plants. Means (g) + 1 S.E.M. For each treatment, n = 
34-37. 
Beginning End-of-season End-of-season End-of-season 
Treatment season 1982 1982 1983 1984 
Control 1.7 + 0.1 5.7 + 0.7 98 + 11 220 + 22 
Water 1.5 + 0.1 5.1 + 0.5 92 + 9 240 + 22 
Fertilizer 1.6 + 0.1 5.4 + 0.5 86 + 7 220 + 18 
Water+ 2.0 + 0.2 6.5 + 1.0 110 + 11 250 + 19 
Fertilizer 
Table 111-2. Average relative growth rates for 1982-84 of watered and 
fertilized plants. Means (g g year- 1) + 1 S.E.M. 
Beginning 1982- End-of-season 1982- End-of-season 1983-
Treatment End-of-season 1982 End-of-season 1983 End-of-season 1984 
Control 1.1 + 0.1 2.9 + 0.1 0.8 + 0.1 
Water 1.2 + 0.1 2.9 + 0.1 0.8 + 0.1 
Fertilizer 1.1 + 0.1 2.8 + 0.1 1.0 + 0.1 
Water+ 1.0 + 0.1 2·.9 + 0.1 0.9 + 0.1 
Fertilizer 
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Figure III-1. Twig elongation rate of watered and fertilized 
plants during June-August 1983 and 1984. (a) 
1983, (b) 1984. Dotted lines connect control 
means, short dashed lines connect water means, 
long dashed lines connect fertilizer means, and 
solid lines connect water+ fertilizer means. 
Vertical bars equal 1 S.E.M., n=25. 
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sampling date. The change in twig elongation rate over the 1984 growing 
season was similar to that observed in 1983, although the peak rate 
occurred slightly later in 1984 (Figure lII-1). Also, the elongation 
rates were lower . in 1984 than in 1983. No significant differences in 
twig elongation rates among treatments appeared in 1984 on any sampling 
date. 
Midday leaf water potential means varied remarkably little among 
treat men ts du ring 1983 (Figure 111-2). No significant treatment 
differences existed on any sampling date. 
Neither predawn nor midday leaf water potentials in 1984 exhibited 
significant treatment differences on any sampling date (Figure Ill-3). 
No treatment tended to have consistently the highest or lowest water 
potential. 
Predawn leaf osmotic potential in 1984 remained virtually constant 
from late-May to mid-June while midday leaf osmotic potential increased 
slightly (Figure 111-4). No significant differences for predawn or 
midday osmotic potentials were observed. 
Predawn and midday leaf turgor potentials were rather variable 
with no significant differences among treatments (Figures 111-5). 
Predawn turgor potential means exhibited no clear decline over the 
growing season; midday turgor potential means did decline sharply after 
24 June 1984. 
The tagged leaves had virtua-lly complete survival in all treatments 
from 9 June - 14 July 1983 (Table 111-3). Although survival declined 
thereafter, there was no indication of differences due to treatment. 
The tagged twigs had almost complete survival until 20 July (Table 
lII-3). After this date, survival was still fairly high; from 82-91% 
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Figure III-3. Predawn and midday leaf water potential of watered 
and fertilized plants during May-August 1984. (a) 
(a)Predawn, (b) midday. Dotted lines connect 
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means, long dashed lines connect fertilizer means 
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Figure III-5. Predawn and midday leaf turgor potential of watered 
and fertilized plants during May-August 1984. (a) 
Predawn, (b) midday. Dotted lines connect control 
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dashed lines connect fertilizer means and solid lines 
connect water+ fertilizer means. Vertical bars 
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Table III-3. Number of ephemeral leaves (upper number in each pair) 
and twigs (lower number) tagged on 7 June 1983 still 
alive on successive dates in 1983 for watered 
and fertilized plants. 
9 June 14 June 23 June 29 June 6 July 14 July 
Treatment 
Control 75 75 75 74 73 73 
75 75 75 75 74 74 
Water 75 75 75 75 75 75 
75 75 75 75 75 75 
Fertilizer 75 75 74 74 74 73 
75 75 75 74 74 74 
Water+ 75 75 75 74 74 74 
Fertilizer 75 75 75 75 75 75 
20 July 28 July 5 August 12 August 17 August 
Treatment 
Control 73 39 19 8 5 
74 72 67 66 62 
Water 71. 45 20 8 7 
72 72 69 67 64 
Fertilizer 69 43 15 10 7 
73 73 68 68 65 
Water + 71 40 19 7 3 
Fertilizer 74 72 71 69 68 
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of the tagged twigs were still alive at the end of the summmer sampling 
period. The temporal course of twig survival was nearly identical for 
all treatments. In 1984, twig death began earlier, paticularly for the 
plants in the water treatment (Table III-4). More twigs died in 1984 
than in 1983 in all treatments; but differences among treatments 
appeared to be minimal. 
There was little indication that treatment had any effect on the 
phenological state of the marked twigs. When the twigs were tagged in 
1983, most of the twigs were elongating (phenological stage 3) but a 
few had not begun to elongate (Table III-5). The development of floral 
buds, phenological stage 4, began about three weeks later in 1984 than 
in 1983 (Table III-6). Also, the number of twigs which developed 
floral buds was much lower and the number which never elongated was 
lower the second year. However, twig phenology in 1984 was litle 
affected by treatment. Chi-square tests of association on each sampling 
date for cells with an expected value greater than five were all 
nonsignificant. 
DISCUSSION 
Overall, there was no evidence that small additions of water or 
nitrogen fertilizer in the late spring had any effect on the mountain 
big sagebrush. The lack of response to the 4 1 of added water in the 
three successive years is not stirprising in light of the very abundant 
precipitation during this period, ranging from 524-429 mm annually, 
much more than ·the long-term mean. The lowest mean A. tridentata ssp. 
vaseyana leaf water potential recorded during this study was -2.39 MPa 
on 5 August 1983. This was rather high for midsummer in southwestern 
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Table 111-4. Number of twigs tagged 18 May 1984 still alive on 
successive dates in 1984 for watered and 
fertilized plants. 
26 May 9 June 18 June 26 June 2 July 12 July 
Treatment 
Control 75 75 74 73 73 72 
Water 75 75 70 70" 70 68 
Fertilizer 75 75 75 75 75 74 
Water+ 75 75 75 74 74 71 
Fertilizer 
19 July 26 July 1 August 7 August 13 August 
Treatment 
Control 71 66 62 59 58 
Water 64 62 60 57 54 
Fertilizer 73 71 70 67 .60 
Water+ 71 67 62 58 55 
Fertilizer 
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Table III-5. Percentage of twigs tagged 7 June 1983 in each phenolog-
ical stage on successive dates in 1983 for watered 
and fertilized plants. Phenological stage 2 = buds 
dormant; 3 = twigs rapidly elongating; 4 = floral buds 
developing. 
9 June 14 June 23 June 29 June 
Phenol. C w F W+F C w F W+F C w F W+F C w F W+F 
stage 
Dead 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
2 20 21 20 15 9 13 12 8 8 9 7 1 4 9 3 1 
3 80 79 80 85 91 87 88 92 92 91 93 99 96 91 96 99 
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
6 July 14 July 20 July 28 July 
Phenol. C w F W+F C w F W+F C w F W+F C w F W+F 
stage 
Dead 1 0 1 0 1 0 1 0 1 4 3 1 4 4 3 4 
2 3 9 1 1 3 9 1 1 3 7 1 1 3 5 1 0 
3 77 77 84 77 59 64 72 57 48 57 59 48 41 57 59 44 
4 19 13 13 21 37 27 25 41 48 32 37 49 52 33 37 52 
Phenol. 5 August 12 August 17 August 
stage 
Dead C w F W+F . C w F W+F C w F W+F 
Dead 11 8 9 5 12 11 9 8 17 15 13 9 
2 0 · 4 0 0 0 4 0 0 0 1 0 0 
3 34 55 51 44 33 52 51 43 28 51 49 41 
4 55 33 40 51 55 33 40 49 55 33 37 49 
\ 
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Table III-6. Percentage of twigs tagged 16 May 1984 in each pheno-
logical stage on successive dates in 1984 for 
watered and fertilized plants. Phenological stage 2 = 
buds dormant; 3 • twigs rapidly elongating; 4 = floral 
buds developing. 
26 May 9 June 18 June 26 June 
Phenol. C w F W+F C w F W+F C w F W+F C w F W+F 
stage 
Dead 0 0 0 0 0 0 0 0 1 7 0 0 3 7 0 1 
2 96 99 99 93 73 85 79 69 56 57 61 59 36 44 44 45 
3 4 1 1 7 27 15 21 31 43 36 39 41 61 49 56 53 
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2 July 12 July 19 July 26 July 
Phenol. C w F W+F C w F W+F C w F W+F C w F W+F 
stage 
Dead 3 7 0 1 4 9 1 1 5 15 3 5 13 17 5 11 
2 28 31 37 43 24 27 33 41 21 21 33 37 13 17 32 31 
3 69 63 63 56 72 64 65 57 73 64 64 57 63 51 55 47 
4 0 0 0 0 0 0 0 0 0 0 0 0 11 15 8 12 
1 August 7 August 13 August 
Phenol. C w F W+F C w F W+F C w F W+F 
stage 
Dead 19 20 7 17 21 24 11 23 23 28 20 27 
2 8 15 31 25 5 12 27 19 4 9 17 15 
3 63 51 55 45 63 51 55 48 63 49 55 48 
4 11 15 8 12 11 13 8 11 11 13 8 11 
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Wyoming, suggesting that the soil moisture was relatively plentiful in 
the root zone of the mountain big sagebrush plants. Indeed, soil water 
potentials at 20 and 50 cm in the soil profile measured under mountain 
big sagebrush plants nearby always averaged higher than -1.3 MPa during 
the summers of i983 and 1984 (Chapter II). 
The lack of observed effect of nitrogen fertilization was more 
surprising. Trumble and Woodroffe (1954) stated that once soil 
moisture is plentiful and is no longer limiting plant growth, nitrogen 
replaces water as the factor which limits plant growth in arid or semi-
arid situations. This is based on the assumption that nitrogen is 
relatively scarce in arid land soils. To assess this possibility, I 
estimated the amount of nitrogen present in the rooting zone of a 
hypothetical mountain big sagebrush plant and compared this to the 
estimated amount of nitrogen contained within the same hypothetical 
plant. I assumed a rooting zone 20 cm in radius and 80 cm deep 
(Rodriguez 1985) consisting of topsoil 20 cm deep with a total 
nitrogen concentration of 0.1% by weight and subsoil (actually mine 
spoil) 60 cm deep with a total nitrogen concentration of 0.01% and a 
soil bulk density of 2.7 g/cm 3• These nitrogen concentrations are 
typical of topsoil and subsoil at the site. ·The total nitrogen 
contained within this volume would be 88 g; this is equivalent to 7010 
kg N ha-1, very similar to that found in an Atriplex-dominated site in 
northern Utah (West and Skujins 1977). 
Assuming an aboveground biomass increase of 125 g, typical of 
t qi 3 
plants between and 1984, a root:shoot production ratio of 3:1 (Caldwell 
I\ 
& Camp 1974) and an average tissue nitrogen concentration of 2%, the 
total amount of nitrogen required for the year's growth would be 10 g. 
1 
• 
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Not all t J- he nitrogen present would be available to the plant; 
however, even if only a modest fraction were available, the big 
11 
sagebrush plants in 1984 could have met their nitrogen needs without 
using any of the added nitrogen. During 1982 and 1983 when the plants 
were much smaller, the ratio of nitrogen available in the soil to 
nitrogen needed by the plant would have been even greater. 
Charley (1972) proposed a model of nitrogen dynamics of semi-arid 
saltbush communities. He suggested that large precipitation events 
which wet an appreciable part of the soil profile promote rapid 
nitrogen mineralization and rapid plant growth. The continual 
abundance of soil moisture at the study site during 1983 and 1984 may 
have caused high rates of nitrogen mineralization. Crawford & Gosz 
(1982) stated that reliance on yearly averages of nutrient levels may 
cause nutrient deficiencies in deserts to be overstated. 
Because of the large area kept weeded around each plant, the added 
nitrogen could not have been utilized by plants other than the target 
individual. After the fertilizer was applied in 1982, rains were 
minimal until late in the season, precluding leaching of the nitrate 
below the rooting zone. However, the fertilizer may not have reached 
the rooting zone until the last week in July when 53.5 mm of rain fell. 
Thus, the fertilizer added in 1982 may not have been available to the 
sagebrush plants, except in the fertilizer plus water treatment, until 
after the period of most rapid growth had passed. However, in both 
1983 and 1984, rains of 18 and 10 mm fell six and thirteen days after 
the respective dates of fertilizer application. This should have moved 
at least the nitrate portion of the fertilizer in to the rooting zone 
of the sagebrush plants. 
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Another possible explanation for the lack of nitrogen response is 
that the Artemisia roots were oxygen limited. Lunt, Letey & Clark 
(1973) performed laboratory experiments on Artemisia tridentata 
(subspecies not noted). They found that roots of Artemisia plants had 
very high oxygen requirements for growth and could be irreversibly 
damaged by only a few day's exposure to low (2%) oxygen. Maximum root 
growth occurred when gas with 10% oxygen concentration was pumped 
through the root zone. Their observations were consistent with the 
possiblity that roots were vulnerable to pathogen attack under low 
oxygen conditions. Adverse effects of excessive soil moisture could 
occur in fine-textured clayey soils such as are common in subsoils at 
the Kemmerer site. However, the findings of Lunt, Letey & Clark (1973) 
differ from those of Rogriguez (1985) who successfully grew Artemisia 
tridentata ssp. vaseyana plants in a greenhouse using subsoil (spoil) 
from the Kemmerer site. These plants thrived even though the rooting 
zone was always kept moist and was frequently saturated with water. 
It is possible that the lack of nitrogen effect reflects the lack 
of genetic capability of the plants used in this study to utilize more 
than modest amounts of nitrogen. Native plants from sites with low to 
moderate soil fertility are generally regarded as being relatively 
unresponsive to increased soil fertility, particularly when compared to 
crop plants (Chapin 1980). Long-lived plant species of harsh, 
nutrient-poor environments frequently exhibit little or no growth 
response when fertilized but may increase nutrient concentrations in 
their tissues, i.e., the plants may indulge in luxury consumption, 
taking up more nitrogen than they can immediately use, sequestering the 
excess in some form which would eventually be used by the plant for 
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growth or dropped as litter. In this study, however, analysis of total 
leaf nitrogen of ephemeral mountain big sagebrush leaves collected in 
June 1984 showed no significant differences (P)0.05) in leaf nitrogen 
due to treatment. 
CHAPTER IV 
REPRODUCTIVE ALLOCATION IN ARTEMISIA TRIDENTATA SSP. VASEYANA 
f I 
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INTRODUCTION 
Perennial plants have evolved reproductive patterns which 
presumably balance resources allocated to reproduction and to 
vegetative growth (Pianka 1977). Various authors have investigated 
reproductive allocation in relation to factors such as plant density 
(Gaines, Vogt, Hamrick & Caldwell 1974; Snell & Burch 1975; Holler & 
Abrahamson 1977), successional status (Soule & Werner 1981; Fekete & 
Melko 1981), mineral nutrition (van Andel & Vera 1977; Willson & Price 
1980), elevation (Kawano & Masuda 1980), and environmental 
predictability (Hickman 1975). 
In arid and semi-arid environments, shrubs are commonly clumped, 
with the clumps sometimes persisting many years. Their presence and 
persistence may reflect the patchy dispersion of resource concentration 
or the creation of a favorable microenvironment by the shrubs 
themselves(West & Tueller 1972). Reproductive patterns of semi-arid 
shrubs may be different for individuals growing in clumps compared to 
those growing further apart. 
In semi-arid southwestern Wyoming, Artemisia tridentata ssp. 
vaseyana (Rydb.) Beetle (Asteraceae), mountain big sagebrush, commonly 
grows in clumps measuring several meters across with herbs or other, 
lower-statured shrubs occupying .the interclump areas (A. T. Carpenter, 
personal observation). In this region, most of the annual 
precipitation falls as snow. During winter, snow accumulation in the 
shrub clumps can exceed 1 m, whereas the interclump areas are often 
devoid of snow. Furthermore, the soil within the shrub clumps is 
evidently more friable, has higher organic matter content, and is 
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deeper that soil between the clumps (A. T. Carpenter, personal 
observation). Thus, it appears that A. tridentata ssp. vaseyana plants 
growing in clumps may experience more favorable water relations and 
soil fertility _ than widely-spaced plants. 
An experiment was initiated to determine if A. tridentata ssp. 
vaseyana individuals growing in planted clumps performed better than 
those growing alone. In an another experiment, small amounts of water 
and nitrogen fertilizer were added, mimicking, in part, the effects of 
additions of snow and litter to clumps of plants. Here, I report on 
aspects of reproduction and how they were affected by plant dispersion 
pattern and by addition of resources. 
METHODS 
The study site was located on a reclaimed coal strip mine at an 
elevation of 2210 meters near the town of Kemmerer in southwestern 
Wyoming. The area has been characterized as western Intermountain 
sagebrush steppe (West 1983) with a mean annual precipitation of 230 mm 
(National Oceanic & Atmospheric Administration 1982) and long, cold 
winters. Aboveground growth on!:_ tridentata ssp. vaseyana began in 
late May (Chapters II and III). Vegetative growth ended in early 
August while elongation of reproductive shoots continued for another 
two weeks. !:_ tridentata plants produce an elongate, paniculate 
inflorescence with sessile heads, each containing three to seven disc 
flowers (Diettert 1938). Each successful flower produces a one-seeded 
fruit (achene). In southwestern Wyoming, fruits mature during the 
autumn and are shed in late October or early November. 
The plant materials used in the experiments were transplanted to 
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the site in May 1982 as one-year-old container-grown transplants grown 
from seed collected adjacent to the site. 
The spatial dispersion experiment had two treatments: shrubs 
planted singly and shrubs planted in clumps of four. A total of forty-
nine single shrubs planted in a regular grid pattern comprised a 
replicate of the first treatment while a plot containing nine clumps of 
four shrubs each plus thirteen border plants comprised a replicate of 
the second treatment. Overall shrub density in each treatment was the 
same. Each treatment was replicated three times. The plots were 
regularly weeded during the experiment. 
In 1983, a random subsample of shrubs in each replicate was 
selected. Reproductive materials, defined as all tissue distal to the 
uppermost ephemeral leaf on each reproductive stem, on these 
individuals were clipped on 7 November 1983 and on 25 October 1984. 
The materials were placed in paper bags, returned to the laboratory and 
air-dried in a greenhouse. Subsequently, the masses of the total 
reproductive material, reproductive material less stems within the 
inflorescences, achenes and fifty achene samples were measured for each 
shrub. 
The water and nitrogen fertilizer experiment was a two-factor 
factorial, completely randomized design with two levels of each factor. 
The factors were water and fertilizer and the levels were 4 1 of water 
added in mid-May of each year · 1982-1984 or no water and 1.15 g of 
ammonium nitrate fertilizer (34-0-0) or no fertilizer added at the same 
time as the water. One hundred-forty-seven one-year-old, container-
grown mountain big sagebrush seedlings were transplanted 2.5 m apart in 
a regular grid pattern. The treatments were randomly assigned to 
68 
• 
individual plants so each plant constituted an experimental unit. In 
1983, a subsample of shrubs was randomly selected, and reproductive 
materials were collected and processed in 1983 and 1984 as previously 
described. During the course of both experiments, the area around each 
plant was regularly weeded to eliminate any confounding effects of 
differential weed density. Additional details of the experiments are 
found in Chapters II and III. 
At the end of each growing season, which for!:_ tridentata ssp. 
vaseyana occurred in mid-August, the total aboveground biomass of each 
shrub in both experiments was estimated using the reference unit method 
(Andrew, Noble & Lange 1979; Andrew, Noble, Lange & Johnson 1981; 
Appendix). 
Reproductive effort has been defined by different authors in 
several ways reflecting conceptual and methodological differences in 
approach. Here, reproductive effort has been calculated in four ways: 
REl ~ annual reproductive increment/total aboveground biomass 
RE2 = annual reproductive increment/annual aboveground 
vegetative biomass increment 
RE3 = annual reproductive increment less stems/total aboveground 
biomass 
RE4 = annual reproductive increment less stems/annual aboveground 
vegetative biomass increment 
Thompson & Stewart (1981) recommended including portions of stems 
above the last leaf as reproductive biomass for the reason that stems 
are necessary for the suppport and display of the flowers. However, 
the stems, bracts and small leaves interspersed within the 
A. tridentata ssp. vaseyana inflorescences are photosynthetic (DePuit & 
Caldwell 1975) and probably contribute some carbohydrate to the 
development of flowers and fruits. Separation of all photosynthetic 
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materials from the fruits was impractical; however, the stems could be 
readily separated. Thus, reproductive effort calculated without the 
stem biomass is a more conservative expression than that using total 
reproductive biomass. Willson (1983) and Pritts & Hancock (1985) 
suggested expressing reproductive effort for woody plants using the 
biomass increment from the previous year to the sample year as the 
denominator in the formula. This has been modified slightly by 
excluding the previous year's reproductive biomass when calculating the 
annual biomass increment because those tissues did not contribute to an 
increase in biomass from one year to the next. 
The data were tested for normality using a procedure in Ryan, 
Joiner & Ryan (1982). All of the reproductive metrics herein discussed 
were normally or very nearly normally distributed except for total 
achene biomass. Analysis of variance was used to analyze all of the 
data except for the total achene biomass data; here, modified Wilcoxon 
rank sum analyses were used (Bradley 1968; Hollander & Wolfe 1973). 
RESULTS 
The types of spatial dispersion employed in the experiment 
appeared to have little influence on the absolute or relative amount of 
reproduction (Table IV-1). One exception was total achene biomass in 
the clump-1 plots which was over twice that in the clump-4 plots in 
1984. In addition, RE2 and RE4 were higher in clump-1 plots compared to 
clump-4 plots in 1984. However, variation about the means was high in 
both instances. RE3 was consistently the lowest ratio, while RE2 was 
the highest in all cases. This was expected because RE3 had the 
smallest numerator and largest denominator of all the ratios while the 
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Table IV-1. Reproductive metrics for the spatial dispersion 
experiment for 1983 (upper number of each pair) and 1984 
(lower number). Means+ 1 S.E.M. 
Metric 
Annual 
reproductive 
increment (g) 
Annual 
reproductive 
increment 
less stems (g) 
Total achene 
biomass (g) 
Mean biomass (mg) 
of 50 achenes 
RE! 
RE2 
RE3 
RE4 
Clump-! 
27 .2 + 7.7 
66.8 + 18.1 
11.9 + 2.6 
46.1 + 2.6 
o. 12 + 0.07 
4.65 + 2.07 
12.2 + 0.6 
13.7 + 0.3 
0.30 + 0.03 
0.31 + 0.09 
0.31 + 0.10 
0.86 + 0.31 
o. 14 + o.os 
0.22 + 0.04 
o. 15 + o.os 
0.55 + 0.20 
Sample size for each mean was 3. 
Clump-4 
19.8 + 9.2 
59.2 + 18.6 
9.3 + 4.2 
41.1 + 4.2 
0.13 + 0.08 
1 .96 + 0.62 
13.7 + 0.6 
14.4 + 0.6 
0.22 + 0.06 
0.33 + 0.07 
0.23 + 0.06 
a.so + 0.11 
0.11 + 0.03 
0.23 + 0.06 
0.11 + 0.03 
0.35 + 0.10 
For explanation of RE! - RE4, see text. 
reverse was true for RE2. 
variation in reproduction. 
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There was considerable year-to-year 
In the spatial dispersion experiment, the total reproductive 
biomass increased greatly from 1983 to 1984 (Table IV-1). As those 
plants grew, they produced much more total reproductive biomass; the 
proportion of total reproductive biomass to total aboveground biomass, 
i.e., REl, increased from 0.26 in 1983 to 0.32 in 1984 when data for 
treatments were pooled. RE2 values increased from 0.27 in 1983 to 0.68 
in 1984. 
The addition of small amounts of water and nitrogen fertilizer had 
some effects on reproduction, although results for a particular metric 
varied by year (Table IV-2). In 1983, there was a significant (P<0.05) 
water* fertilizer interaction for all of the RE ratios. In 1984, 
there was a significant (P<0.05) water effect for REl and RE2. 
Correlation coefficients between all pairs of reproductive metrics 
were calculated using the separate data from both experiments in both 
years. The results revealed several highly significant relationships 
between the various metrics (Table IV-3). Annual reproductive 
increment was significantly correlated with total aboveground biomass 
in three cases; in one case virtually no correlation was present. 
Somewhat surprisingly, there was little correlation between total 
achene biomass and total aboveground biomass. However, all 
correlations between total achene biomass and annual reproductive 
increment were significant. The average biomass of fifty achenes was 
poorly correlated with other variables. There were no significant 
correlations between any of the RE ratios and plant size for the 
spatial dispersion experiment in either 1983 or 1984. For the water 
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Table IV-2. Reproductive metrics for the water and fertilizer 
experiment in 1983 (upper number in each pair) and 1984 
( lower number). Means.±. 1 S .E .M. 
Metric 
Annual 
reproductive 
increment (g) 
Annual 
reproductive 
increment 
less stems ( g) 
Total achene 
biomass (g) 
Average biomass 
(mg) of 50 
achenes 
RE1 
Control 
47.1 ± 18.6 
48.3 ± 20.2 
19.0.±. 7.0 
28.0 + ll .6 
0.51 + 0.25 
13.6 .± 0.5 
12.7 ± 0.5 
Water 
20.0 ± 8.8 
96.7 ± 19.8 
8.1 + 3.0 
52.2 + 10.7 
1.03 ± 0.62 
13.6 .±. 0.7 
14.4z_0.8 
Fertilizer 
27.9 ± 4.2 
62.3 ± 14.1 
10.0 + 1.8 
34.2 + 7.1 
1.59 ± 0.38 
13.5±1.0 
14.0 ± 0.8 
Water+ Fert. 
39.1 ± 5.1 
89.7 ± 22.2 
15.0 ± 2.3 
44.1 + 12.0 
3.56 + 1.94 
14.0 .± 0.9 
13.8 ± 0.8 
0.41 + 0.07 0.24 + 0.07 0.25 + 0.05 0.33 + 0.02 
0.19 .± 0.05 0.31 ± 0.04 0.22 ± 0.05 0.38 ± 0 
0.44 .± 0.07 0.25 ± 0.07 0.26 ± 0.05 0.36 ± 0.02 
0.26 ± 0.06 0.41 ± 0.06 0.30 ± 0.05 0.58 ± 0 
0.17 ± 0.03 0.09 ± 0.02 0.09 ± 0.02 0.13 ± 0.01 
0.12 ± 0.03 0.17 ± 0.03 0.12 .± 0.03 0.19 .± 0 
0.18 + 0.03 0.10 ± 0.03 0.10 ± 0.02 0.14 .± 0.01 
0.16 ± 0.04 0.22 .± 0.03 0.17 ± 0.04 0.33 ± 0 
Sample size for each mean was 7-9. 
For explanations of RE1 - RE4, see text. 
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Table IV-3. Correlation coefficients between reproductive metrics · 
for the spatial dispersion experiment (upper number in each 
pair) and the water and fertilizer experiment (lower 
number). 
1983 
Annual 
Total Annual reproductive Total 
aboveground reproductive increment achene 
biomass increment less stems biomass 
Annual reproductive 0.597* 
increment 0.712* 
Annual reproductive o.s2s* 0.940* 
increment less stems 0.674* 
Total achene 0.124 0.584* 0.683* 
biomass 
Average biomass o.oss 0.210 0.239 0.172 
of SO achenes 0.020 0.002 0.040 
1984 
Annual 
Total Annual reproductive Total 
aboveground reproductive increment achene 
biomass increment less stems biomass 
Annual reproductive 0.015 
increment 0.539* 
Annual reproductive 0 .124 0.900* 
increment less stems 0.454* 0.849* 
Total achene 0.107 0.693* 0.647* 
biomass -0 .102 0.540* 0.108 
Average biomass of 0.059 -0.078 0.039 0.124 
SO achenes 0.139 0.330 0.165 0.334 
* significant at P<0.01 
Sample size for each correlation was 36-38. 
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and fertilizer experiment, there were very significant correlations 
between all RE's and plant biomass in 1983 but not in 1984. 
Selected values of correlation coefficients between 1983 and 1984 
reproductive metrics are found in Table IV-4. Correlations between 
annual aboveground vegetative biomass increment, total achene biomass 
and between total achene biomass and RE2 for 1983 and 1984 were all · 
significant for the spatial dispersion experiment. None of the other 
correlation coefficients was significant. 
DISCUSSION 
Total achene biomass, RE2 and RE4 were greater in the large 
mountain big sagebrush c.lusters (clump-1 plots) in 1984 than in the 
small clusters (clump-4 plots), although variation about the means was 
large. Otherwise, reproduction was very similar for the two cluster 
types. 
There was a significant water* fertilizer interaction for all RE 
ratios in 1984. Because the yearly precipitation was 494 mm, over 
twice the long-term mean, it was surprising that the main effect of 
nitrogen fertilizer was not significant (Trumble & Woodroffe 1954). The 
consequence of added fertilizer alone was a consistent but 
nonsignificant depression of reproductive biomass and reproductive 
effort relative to contols. Addition of both water and fertilizer 
caused the various reproductive metric means to approximate those of 
the respective controls. Perhaps, the relative amounts of water and 
nitrogen in the soil du ring the 1983 growing season critically 
influenced the amount of reproductive material produced that year. 
During the second year, both water and fertilizer increased the 
• 
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Table IV-4. Correlation coefficients between reproductive metrics for 
1983-84 for the spatial dispersion experiment (upper 
number in each pair) and the water and fertilizer 
experiment (lower number). 
1983 
1982-83 
aboveground Annual Total 
biomass reproductive achene 
increment increment biomass RE2 
1984 
1983-84 aboveground o.588* 0.092 -0.112 -0.168 
biomass 0.300 -0.032 -0.269 
increment 
Annual reproductive 0.125 0.373 0.308 0.380 
increment 0.122 0.078 -0.269 
Total achene 0.129 0.308 0.452* 0.437* 
biomass -0.261 -o .111 0.082 
RE2 -0 .114 0.223 0.340 -0.014 
-0.010 0.089 0.099 
* significant at P<0.01 
Sample size for each correlation was 36-38. 
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reproductive metric means relative to controls, but only the water 
effect was significant. Precipitation was again heavy during the 1983-
84 water year (420 mm); Possibly, the added increment of water had 
more effect in 1984 because the plants doubled in aboveground biomass 
from 1983 to 1984. An increase in RE with added water was opposite to 
that found by Cunningham, Syvertsen, Reynolds & Wilson (1979) with 
Larrea tridentata. They suggested that increased reproductive 
allocation in response to decreased soil water could be adaptive if 
plant propagules survived drought more readily than the mature shrubs. 
Increased RE2 from 1983 to 1984 parallels that found by Pritts & 
Hancock (1985) for Vaccinium corymbosum, for which reproductive 
allocation increased dramatically from age one and peaked around age 
five. 
Different expressions of reproductive effort yielded quite 
different values. Those for REl and RE2 were sometimes higher than the 
range of 0.04 to 0.25 for perennials without clonal growth given in 
Harper (1977). RE2 values in the present study were much greater that 
the maximum of 0.15 in Mooney (1972). They were more comparable to the 
0.343 value of Sharfi, Nilsen & Runde! (1982) for a shrubby form of 
Prosopis glandulosa based on aboveground growth. Cunningham, 
Syvertsen, Reynolds & Wilson (1979) found that RE2 for Larrea 
tridentata varied from 0.14 to 0.74 depending upon location, year and 
the soil water enhancement regime they used. 
Other investigators, e.g., Harper, Lovell & Moore (1970), have 
found that variation in seed size within a plant is typically much 
greater than variation in total seed mass produced, especially for taxa 
with indeterminate inf lores censes. For A. t ridentata ssp. vaseyana, 
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the average mass of fifty achenes was very constant across treatments 
and years in both experiments. Visual inspection of the achenes in 
this study revealed high fidelity in achene shape and size. My data 
are consistent with those of Goodwin (1956) in his study of ~ 
tridentata ssp. tridentata in Washington. He found that individual 
achene mass was very similar for plants within populations. My data 
showed that total achene biomass varied widely from plant to plant. 
Thus, it appears that A. tridentata ssp. vaseyana regulates achene 
output by controlling the number and not the individual mass of achenes 
produced. 
The correlations between reproductive metrics indicate that these 
A. tridentata ssp. vaseyana plants did not exhibit mast behavior which 
has been observed in trees (Harper 1977). There was virtually no 
correlation between RE2 values for successive years, whereas a 
significant negative correlation should have been observed if high 
reproduction in one year depressed reproduction the following year. 
The lack of significant negative correlation between RE2 in 1983 and 
the 1983-84 biomass increment suggests that heavy reproductive 
allocation in one year may not reduce vegetative growth the following 
year, at least for these young, vigorous plants. 
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SUMMARY AND CONCLUSIONS 
Ecologists who have examined patterns of shrubs in hot deserts 
have generally assumed that aggregated dispersion patterns are 
disadvantageous for the dominant plants. In cool deserts, much of the 
annual precipitation falls as snow; if cool desert plants growing in 
clumps trap substantial amounts of water as snow and nitrogen as 
litter, soil fines and animal excreta, the possibility exists that 
plants which grow in clumps can experience a net benefit relative to 
plants of the same species growing singly. 
I developed an experiment to test the possiblity that water 
relations, growth and reproduction of Artemisia tridentata ssp. 
vaseyana, mountain big sagebrush, were more favorable for shrubs 
planted in clumps versus shrubs planted singly. Seedlings were planted 
in the spring of 1982 in two patterns: singly (clumps of 1) and in 
clumps of four. Aboveground plant mass was estimated nondestructively 
at the of the 1982, 1983 and 1984 growing seasons. The nondestructive 
biomass estimation technique which was borrowed from the Australian 
range literature proved to be very useful. No differences in end-of-
season aboveground biomass or relative growth rate due to dispersion 
pattern were observed. Twig elongation rate was greater for the plants 
in the clump-1 plots during two growing seasons; phenology and survival 
of tagged twigs and ephemeral leaves were evidently not related to 
dispersion pat tern. 
dispersion pattern. 
Reproductive allocation was not altered by 
In 1983 and 1984, mountain big sagebrush plant and soil water 
relations were studied. Clump-1 plants extracted more soil moisture 
than the clump-4 plants. Otherwise, dispersion pattern appeared to 
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have little influence on soil or plant water potentia -1. Leaf osmotic 
and turgor potentials were likewise unaffected by dispersion pattern. 
Big sagebrush plants growing singly performed about the same as 
those growing in clumps of four. This may have been caused in part by 
very abundant soil moisture which was the result of abnormally heavy 
precipitation which fell from 1982-84 and from eliminating weeds from 
the plots. The snows were so heavy and variable as to overwhelm any 
benefit of growing in a clump. As the plants grew, the scale of snow 
trapping may have changed from that of the individual plant or clump of 
four plants to the entire plot. The dense, intermingled canopies of 
the clumps of four shrubs may have caused them to act as single plants 
in terms of snow trapping while the entire clump-1 plots may have acted 
as large, effective snow trapping units. 
In order for snow and litter trapping to benefit shrubs, the 
plants would need to respond to the added resources, probably water and 
nitrogen. I devised another experiment to determine if mountain big 
sagebrush plants would respond to small annual additions of water and 
nitrogen fertilizer. The plant performance indices mentioned above 
were again monitored. The only parameters which were affected by the 
treatments were metrics of reproductive allocation. Reproduction was 
evidently more sensitive to small additions of water and nitrogen than 
vegetative growth. It was also clear that different expressions of 
reproductive allocation yielded widely varying numerical values. It 
was apparent that the fraction of annual aboveground biomass increment 
which is devoted to reproduction can be considerably higher than has 
been commonly thought. 
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NONDESTRUCTIVELY ESTIMATING PHYTOMASS OF SHRUBS 
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INTRODUCTION 
There are numerous instances in range vegetation research and 
management when estimates of dry phytomass of individual plants or 
groups of plants are required but where the plants in question cannot 
be harvested. A number of techniques have been developed to overcome 
this impediment. However, when one needs to estimate rapidly the 
phytomass of either large numbers of individuals separately or large 
numbers of microplots, these well-known published methods have serious 
deficiencies. 
I sought a technique suitable for non-destructively estimating 
total aboveground phytomass of shrubs. The ideal technique needed to 
possess several attributes. It should be suitable for use either on 
individuals or groups of plants. It should provide reasonably precise 
and unbiased phytomass estimates which could be readily calculated. It 
should be rapid and easy to use in the field under potentially adverse 
conditions without the · need for cumbersome or expensive equipment. It 
should be usable by persons with minimal training and experience. 
Perhaps the most venerable method of phytomass estimation is the 
weight-estimate method developed by Pechanec & Pickford (1937). Their 
method uses a double sampling process to serve as a check on ocular 
estimates of phytomass in plots. They were able to achieve very precise 
weight estimates, but they emphasized the necessity of using well-
trained observers. A recent study suggests, however, that relative 
weight estimates can be made fairly precisely without using trained 
observers (Reese, Bayn & West 1980). Such occular estimates of 
phytomass should include harvesting and weighing a random subsample of 
plants to adjust for observer bias. Harvesting a random subsample of 
93 
shrubs from our plots was an unacceptable requirement, eliminating the 
weight estimate method and all other true double sampling techniques 
from our consideration. 
Dimensional analysis has been successfully used to estimate 
phytomass of several different shrub species (e.g., Ludwig, Reynolds & 
Whitson 1973; Rittenhouse & Sneva 1977; Dean,Burkhardt & Meeuwig 1981). 
This involves measuring several plant size variables which seem likely 
to offer good potential in estimating phytomass. Multiple regression 
equations are typically developed using data from a set of harvested 
individuals with phytomass as the dependent variable and significant 
predictors of phytomass as the independent variables. Power functions 
have also been used in dimensional analysis (Harniss and Murray 1975). 
A difficulty with dimensional analysis is that several measurements of 
plant characteristics are typically required to achieve a reasonable 
level of precision in the prediction equation. Precision undoubtedly 
declines when individual plants vary substantially in size, shape and 
foliage density. In addition, it is difficult to make accurate 
measurements under windy conditions when a plant's shape may be 
changing continuously. 
Capacitance instruments have been used to estimate phytomass of 
low-statured vegetation (Currie, Morris & Neal 1973; Neal & Neal 1973; 
Morris, Johnson & Neal 1976). Due to the relatively small size of 
commercially available meters, they are not satisfactory for larger 
plants. Double sampling is required in this technique. At a ratio of 
one individual harvested and weighed : eight individuals whose weights 
are estimated (Morris, Johnson & Neal 1976), a large number of 
sacrifice individuals must be harvested and weighed to achieve 
• 
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reasonably precise phytomass estimates. This was not feasible with our 
research design. Rutherford (1979) provides further information on 
nondestructive sampling techniques. 
I was faced with the task of estimating peak s.tanding crop in a 
number of permanent plots. I adopted a re cent ly-pu bli shed 
nondestructive phytomass estimation method described by Andrew, Noble & 
Lange 1979; Andrew, Noble, Lange & Johnson 1981). This variation of 
the weight-estimate method, although not a true double sampling method, 
was termed the "Adelaide Technique" by Andrew et al. (1979, 1981 ). I 
chose to refer to it by its more descriptive name, the reference unit 
method. Andrew, Noble & Lange 1979; Andrew, Noble, Lange & Johnson 
1981) used the method to estimate forage weight of two species of 
chenopod shrubs in Australia. The reference unit method worked so well 
for them that I wondered whether their success resulted from a 
fortuitous set of circumstances such as employing unusually capable 
observers or using shrubs which happened to be very easy to estimate. 
Therefore, I opted to test the reference unit method to determine if it 
could be successfully used in my situation. 
METHODS 
I used the reference unit method to estimate total aboveground 
phytomass for two shrub species, mountain big sagebrush (Artemisia 
tridentata Nutt. ssp. vaseyana (Rydb.)Beetle), and Douglas rabbitbrush 
(Chrysothamnus viscidiflorus (Hook.) _Nutt.), and a prostrate subshrub, 
Gardner sal tbush (At riplex gardneri (Moq.)Diet r.). The study site was 
located on reclaimed land at a coal strip mine operated by the 
Pittsburg and Midway Coal Mining Company near Kemmerer in southwestern 
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Wyoming. 
About 45,000 container-grown individuals of the three species were 
planted in fifty-two experimental macroplots in the spring and early 
summer of 1982. Adjacent to the experimental plots, several hundred 
individuals of each of the three shrub species were available for 
harvesting and were used for calibration purposes. They had been 
planted at the same time as the individuals in the experimental plots. 
These sacrifice individuals encompassed the range in size of the 
individuals planted in the experimental plots. Observers made phytomass 
estimates in these macroplots in the late summer of 1982 at the end of 
the growing season. 
On every sampling date, each observer harvested reference units 
for each of the three species from a group of plants in a native area 
adjacent to the experimental plots. A reference unit consisted of a 
stem with attached leaves or inflorescenses or a group of stems. In 
most cases, it was necessary to select both a small and a large reference 
unit for each species in order to accommodate adequately the range of 
experimental plant sizes. 
On each sampling date, each observer estimated the number of 
reference units in each of the calibration plants using the reference 
units chosen for that day. Observers held the appropriate reference 
unit near the shrub and estimated, to the nearest tenth of a reference 
unit, the number of times the reference unit was contained within the 
shrub. In other words, an observer decided how many reference units 
would be required to equal the shrub. 
Phytomass was estimated in the experimental plots for three to 
four consecutive days within a week. Since sacrifice individuals did 
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not grow much during that time, each observer used the same set of 
sacrifice individuals to calibrate new reference units of a particular 
species each day. At the end of each estimation period, all the 
sacrifice individuals for each species were harvested to ground level 
and returned to the laboratory for subsequent oven-drying and weighing. 
A new group of calibration plants was used for the next weekly 
estimation period. With the benefit of hindsight, I recommend at least 
20 and preferably 30 calibration plants as a minimum sample size for 
any single calibration. 
Estimating the number of reference units in plants in the 
experimental plots paralleled that just described for the calibration 
plants. The observer compared his/her reference unit to the plant(s) 
in the microplot. The observer then recorded the estimated number of 
reference unit equivalents contained within the plant(s). If another 
of the three species was present in the microplot, the estimation 
procedure was repeated using a reference unit for that species. 
Several additional factors were considered in order to make the 
calibration process as rapid and precise as possible. The range of 
size, general growth form, leafiness and woodiness of the calibration 
individuals were comparable to those of the individuals in the 
experimental plots. In addition, each observer selected and trimmed 
his reference unit such that it was similar to both the sacrifice 
individuals and the individuals in the experimental plots in terms of 
form, leafiness and woodiness. The exact size of the reference unit 
was not critical, but observers were most confident using reference 
units which were between 0.1 and 10.0 times the size of the plants to 
be estimated. Each observer carried two reference units for each 
97 
species on any given day to increase the range of plant size which 
could be estimated. When not in actual use during a day, reference 
units were kept shaded and damp to retard wilting. Care was taken to 
keep the reference units intact; loss of leaves or stems or change in 
shape of the unit would alter the calibration. Fresh material was used 
for reference units each day. At the end of a day, each unit was 
labeled, air-dried for one to three days and later returned to the 
laboratory for oven-drying and weighing. 
The data for the individual sacrifice shrubs were later used to 
calibrate each observer's use of each reference unit as follows. In 
order to increase sample size, observer - shrub species - calibration 
day combinations were pooled over each calibration period for the 
reference units of each species. The same calibration shrubs were used 
. each day during a calibration period. Data for the "large" and "small" 
reference units were combined. Thus, a set of data for each observer's 
calibration period consisted of 60 - 80 data points, i.e., 20 points 
for each of 3-4 days. Each datum consisted of the measured dry mass 
(Y) and the estimated dry mass (X) for each sacrificed individual. 
Here, X = (the number of reference unit equivalents) * (the measured 
dry mass of the reference unit). Scatter plots of the data showed that 
the relationship between Y and X was linear with a Y-intercept near the 
origin. The variance of the estimated phytomass increased as estimated 
phytomass increased, a violation of an assumption of regression 
analysis (Figure A-1 ). 
The ratio method was used to develop the calibration equations . 
because it i.s relatively free of assumptions SUfh as exist in 
regression analysis and because our data conformed well to the less 
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Figure A-1. Calibrating an observer's use of a reference unit 
using the ratio method. 
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restrictive assumptions of the ratio method. The assumptions of simple 
linear regression include (1) a relation in which there is a dependent 
variable, Y, and an independent variable, X; (2) the variance of Y 
about the regression line is constant, and (3) the observed xi are 
measured without error (Snedecor & Cochran 1980:455; Cochran 
1977: 150ff). 
The use of ratio estimators does not require distinguishing a 
dependent and an independent variable. In our application, observers 
estimated large plants less precisely than small ones, i.e., the 
variance of estimation increased with increasing Xi• Cochran 
(1977: 160) indicates that the ratio estimate is a best linear unbiased 
estimate when the relation between Y and Xis a straight line through 
the origin and when the variance of Yi about the line is proportional 
to X. The estimator of the ratio is technically biased but, for a 
relatively large sample s_ize (n~ 30), the bias is negligible and a 
simple, approximate formula for sampling variance is available. 
Estimates of the ratio were derived using the measured dry mass 
(Y) of each sacrifice shrub of each species and the estimated dry mass 
(X) obtained using the reference unit method for the same sacrifice 
shrub. The relationship of Y to X was defined as: Y = R * X. The 
A 
estimator of the ratio, R, was calculated using the following equation: 
')\. "" ~ = ~ Yi/ 2 Xi 
t.:I L:.1 
where Yi and Xi refer to the paired Y and X components of each datum 
I\ (Figure A-1). The variance of R was estimated using the following 
formula: 
I\ "l\ /\ 
VAR(R) = 1/x2 ['l: (yi - R * xi)2/ n(n-1)] 
;..:::., 
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where x refers to the sample mean of the sacrifice shrubs of each 
species. 
For each observer - shrub species - estimation period 
combination, the estimate of the ratio, i, and its coefficient of 
A 
variation (C.V .(R)) were calculated. The latter indicates the 
precision of the estimator of the ratio. 
Once the calibration data had been analyzed, I used the following 
formula to estimate the phytomass of shrubs in the experimental plots: 
" " B=R*u*w 
" whereAB= the estimated phytomass of the shrub(s) 
R = the appropriate estimator of the ratio 
u = the estimated number of reference unit 
equivalents in the shrub(s) 
w = the measured dry mass of the appropriate 
reference unit 
For the purposes of estimating the phytomass of unharvested shrubs 
in the experimental plots, I assumed (1) the dry mass of each 
reference unit (w) was measured without error and (2) the observer's 
estimates of reference unit equivalents (u) were reported without 
error. Therefore, to calculate the precision of any estimate of shrub 
II. 
phytomass (Bi), one need only apply the variance of the estimate of the 
ratio (Ri): 
A. 
VAR(Bi) = (ui 
I\ 
* Wi)2 * VAR(Ri)• However, for testing of hypotheses 
concerning the difference in phytomass of shrubs among experimental 
plots, 
/\ 
VAR(B) 
we used the sample variance calculated 
' " I\ 
= 2 (Bi - B)/(n(n-1)) 
~=\ 
RESULTS AND DISCUSSION 
as follows: 
For clarity of presentation, indices of precision for plant 
species-observer combinations have been averaged across weeks. The 
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" " average coefficients of variation, C.V.(R), for R, ranged from 0.038 to 
0.091, with the mean of the average values equaling 0.060 (Table A-1). 
The phytomass estimates for mountain big sagebrush and Gardner saltbush 
had about the same precision whereas those for Douglas rabbitbrush were 
somewhat lower for each observer. Observer M made less precise 
phytomass estimates than did observers J and R. 
There was no conscious attempt to improve the observer's 
precision of estimation during the four week estimation period. The 
observers had no way of knowing whether their estimates were reasonably 
precise or not. Thus, opportunities for learning appeared minimal. 
Perhaps the observers improved their precision over time by becoming 
more confident in their estimating ability after having made a number 
of estimates in the field. 
If the observers had perfectly estimated phytomass, the ratio 
estimators would have equaled one. This follows from the definition of 
R, which is the ratio of measured to estimated dry phytomass. Our 
A 
observers tended to underestimate phytomass, i.e., average values of R 
were generally greater than 1.00 (Table A-2). This was especially 
true for Douglas rabbitbrush for all observers. The means of the 
average estimates of the ratio for mountain big sagebrush and Gardner 
saltbush were close to one but the individual mean values were often 
either much higher or much lower than one. Fortunately, deviations of 
R from unity were not particularly important since the calibration 
process corrected consistent bias in phytomass estimation. This is the 
main purpose of the calibration procedure. 
No detailed records of elapsed time were kept while the reference 
unit method was used in the field. However, it was obvious that the 
Table A-1. 
Observer 
M 
J 
R 
I\ 
Average coeffifients of variation (CV(R)) for estimators 
of the ratio (R) for observer-plant species combinations 
pooled over days within weeks. 
Gardner Mountain Douglas Observer 
saltbush big sagebrush rabbit brush mean 
0.053 0.038 0.091 0.061 
0.047 0.054 0.063 0.055 
0.042 0.060 0.072 0.055 
Plant species 0.047 0.051 0.072 
mean 
For each observer-plant species combination, n = 4. 
Table A-2. Average estimates of the ratfo (R) ± 1 S.E.M. for 
observer-plant species combinations pooled over days 
within weeks. 
Gardner Mountain big Douglas Observer 
Observer saltbush sagebrush rabbit brush mean 
M 1.21 t 0.92 1.46 ± 0.11 2.18 :t 0.24 1.62 
J 0.94 ± 0.11 0.85 t 0.06 1.91 + 0.20 1.23 
R 0.73 ± 0.05 1.04 ± 0.06 1.47 ± 0.10 1.08 
Plant 
species 0.96 1.12 1.85 
mean 
For each observer-plant species combination, n = 4. 
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reference unit method was very rapid. Selecting a good, 
representative reference unit did not require more than a few minutes. 
Making and recording · an estimate re qui red less than a minute. 
Traveling between individual plants or microplots often consumed as 
much or more time than did the phytomass estimation. Making phytomass 
estimates of the calibration individuals, assuming n= 30, did not 
require more than about 15 minutes for each species being estimated. 
The most time-consuming aspect of the calibration process was 
harvesting, drying and weighing the sacrifice individuals. 
Overall, I was satisfied with reference unit method. However, we 
believe that precision could have been even better with only a modest 
increase in observer training. Our observers had little opportunity to 
practice using the reference unit method prior to using it in the 
experimental plots. Had additional time been available, I would have 
preferred to spend several days estimating phytomass of individual 
plants followed immediately by harvesting and weighing those 
individuals in the field. While wet weights and dry weights are not 
perfectly correlated, the immediate feedback of knowing the measured 
wet weight of a plant which was estimated a few seconds earlier should 
improve the precision of dry phytomass estimates. Learning should be 
rapid under such circumstances. 
These phytomass estimates were made under adverse field 
conditions. In the summer, our research site is characterized by 
intense solar radiation, continual high winds, dust and abundant 
prickly plants, such as Russian thistle (Salsola kali). The observers 
worked about 10 hours per: day for four days each week during the four 
week period when we made phytomass estimates. Such long days, coupled 
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with the difficult field conditions, created considerable mental 
fatigue. Perhaps the most serious drawback to the reference unit 
method is its tedious nature when estimation sessions exceed several 
hours without a break. If a moderate number of plants are to be 
estimated, the estimation could be performed rapidly enough that 
fatigue would likely not affect the precision of the phytomass 
estimates. 
As noted above, I found differences in precision of estimation 
among observers. It seems clear that some observers will be able to 
estimate more precisely than others. Motivation may play a key role .in 
determining precision. Several colleagues at Utah State University 
have used the reference unit method to estimate nondestructively 
phytomass of several species of shrubs. Individual graduate students 
working on their own research projects have routinely achieved high 
levels of precision. Where linear regression has been used to develop 
the calibration equations, the r2 values between measured and estimated 
dry phytomass nearly always exceed 0.80 and frequently exceed 0.90 with 
no or minimal training (A. T. Carpenter, unpublished data; A. Gobena, 
unpublished data; D. R, Cabral and N. E. West, ~fiJ'f;t=;ubmitt!-ed; R. 
Kirmse and B. E. Norton, manuscript submitted). 
The reference unit method has been used to estimate 
nondestructively dry phytomass on our research plots at Kemmerer in 
subsequent years and will continue to be used in the future. Even 
under harsh circumstances, this method performed reasonably well. It 
requires no expensive or bulky equipment and is easy to use. It is the 
best method we know for nondestructively estimating dry phytomass in 
large numbers of plots where the estimates must be performed rapidly 
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and where highly experienced observers cannot be used. 
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